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Bone is among the most frequently transplanted tissues in the body. In Europe, about one million patients encounter a surgical bone reconstruction annually. The worldwide market of bone replacement materials is currently estimated at 5 billion Euros, with a 10% growth due to the ageing of the population. Natural grafts present several drawbacks which pushed scientists to investigate synthetic biomaterials. Although most synthetic bone substitutes available possess some of the positive properties of autografts, none yet have all the benefits of one’s own bone. Among the available biomaterials, Calcium Phosphates (CaPs) are of great interest. Nonetheless, these materials can still be improved in several respects.   The main aim of this PhD Thesis is to contribute to the improvement of the properties of CaPs for bone regeneration with primary regard to Calcium Phosphate Cements (CPCs). The Thesis is divided in three main parts: i) Biphasic Calcium Phosphates Cements (BCPCs) with modified solubility and ion release; ii) Fibre Reinforced Calcium Phosphate cements (FRCPCs) with improved mechanical properties; iii) Macroporous CaP scaffolds for simvastatin acid release. In the first part novel biphasic CDHA/β-TCP cements were obtained by mixing two Tricalcium Phosphate (TCP) polymorphs with different solubility (α-TCP and β-TCP). Upon mixing α-TCP/β-TCP blends with an aqueous solution, only α-TCP completely hydrolysed to CDHA, whereas β-TCP remains unreacted and completely embedded in the CDHA matrix. Increasing amounts of the non-reacting β-TCP phase resulted in a linear decrease of the compressive strength, in association to the decreasing amount of precipitated CDHA crystals, which are responsible for the mechanical consolidation of apatitic cements. Ca2+ release and degradation in acidic medium was similar in all the BCPCs within the timeframe studied, although differences might be expected in longer term studies once β-TCP, the more soluble phase, is exposed to the surrounding media.  
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In the second part of this manuscript, new FRCPCs were fabricated with a focus on improving the adhesion fibres/matrix, in order to enhance the load transfer and, thus, the toughness of the material. Different approaches were studied. The first approach was to increase the chemical affinity of the fibres towards the matrix, adding an element in the matrix with high affinity to the fibres. In the first approach, TryMethyl Chitosan (TMC) was introduced in the liquid phase of a matrix reinforced with chitosan fibres. The addition of TMC to the CPC matrix reverted in immediate cohesion but increased setting times and decreased SSA. The good compatibility between the fibres and the matrix with TMC in the new FRCPCs resulted in a continuous interface (observed by SEM) and improved mechanical properties compared to the FRCPCs without the additive in the matrix. In the same line, lactic acid (LA) was added in the liquid phase of cements reinforced with Poly-L-lactic acid (PLLA) yarns. Although the CDHA formation was not impaired by the addition of LA, the reaction was slower and the matrix weaker. Even if no significant differences were found among the different FRCPCs, the addition of the yarns improved the bending properties compared to pristine CPCs. Biological characterisation of FRCPCs with human osteoblastic-like cells MG63 suggested that the slightly acidic pH produced from LA may be harmful and that PLLA fibres may have a role in stimulating osteoblast differentiation. Lastly, the potential of low temperature plasma surface modification of PLLA yarns was evaluated for reinforcement of CPCs. Oxygen low pressure plasma was employed at different treatment times and the surface properties of the untreated and plasma-treated PLLA were evaluated. Plasma treatment of the PLLA yarns reduced the setting times of the PLLA-CPC composites and tended to improve their flexural properties.  The third part of this Thesis consisted in producing low temperature (CDHA) or high temperature (β-TCP) macroporous scaffolds as carriers for Simvastatin acid (SVA), an osteogenic and angiogenic promoter. The loading of the drug was dependent on SSA of the scaffold. In order to modulate the drug release beyond the intrinsic capacity of the material, plasma polymerisation with PCL:PEG copolymers was used to dry-coat the CaP scaffolds. This coating led to significant changes in surface topography, and in their physical and chemical properties. The drug release was 
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El hueso es uno de los tejidos más trasplantado del cuerpo. Sólo en Europa, se cuentan alrededor de un millón de cirugías de reconstrucción ósea anualmente. La estimación del mercado global de los sustitutos óseos es aproximadamente de cinco billones de Euros por año, con un 10% de crecimiento anual debido al envejecimiento de la población. Debido a los problemas asociados a los injertos biológicos, la investigación y el desarrollo de materiales sintéticos y biocompatibles (Biomateriales) ha experimentado un gran auge. Aunque la mayoría de sustitutos sintéticos disponibles poseen algunas de las características de los autoinjertos, hasta el momento ninguno reúne todos los beneficios del hueso del proprio individuo. Dentro de los biomateriales para regeneración ósea, los fosfatos de calcio han sido de gran interés debido a su composición química similar a la del hueso. Sin embargo, estos materiales pueden ser mejorados en diferentes aspectos. El objetivo principal de esta Tesis Doctoral es contribuir a la mejora de las propiedades de los fosfatos de calcio para la regeneración ósea, con un interés especial en los cementos. La Tesis investiga diferentes estrategias para el desarrollo de materiales para la sustitución ósea, novedosos y con propiedades mejoradas respecto a los actuales. La Tesis comprende tres partes principales: i) Cementos bifásicos de fosfato de calcio (BCPCs), constituidos por materiales con diferente solubilidad; ii) Fosfatos de calcio reforzados con fibras (FRCPCs), para la mejora de las propiedades mecánicas; iii) Andamios macroporosos para la liberación de una sal de simvastatina. En la primera parte de la Tesis, se describe el desarrollo de BCPCs compuestos por hidroxiapatita deficiente en calcio (CDHA) y fosfato tricalcico β (β-TCP). Estos materiales derivan de la reacción de las mezclas de dos polimorfos de fosfato tricalcico (TCP) con diferente solubilidad (α-TCP y β-TCP). Cuando ambas fases son mezcladas con una fase acuosa, sólo el α-TCP se hidroliza completamente a CDHA, XI  
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mientras que el β-TCP permanece inalterado. Los tiempos de fraguado aumentan con la incorporación de la fase β-TCP, lo cual se puede asociar al hecho que el fraguado del cemento depende de la transformación de α-TCP a CDHA, mientras que el β-TCP no está involucrado en la reacción. La microestructura final de los BCPCs está constituida por partículas de β-TCP integradas en una matriz de CDHA. El aumento de β-TCP, provoca una disminución lineal de la resistencia a la compresión debido a una menor cantidad de cristales de CDHA precipitados, los cuales son los responsables de la consolidación de los cementos apatíticos. La liberación de iones de calcio y la degradación en medio ácido son similares en todos los BCPCs en el periodo de tiempo de medida; sin embargo se podrían esperar diferencias a tiempos 
más largos, cuando el β-TCP, la fase más soluble, sea expuesta al medio. En la segunda parte, se han desarrollado nuevos FRCPCs con un enfoque particular hacia la mejora de la adhesión entre fibras y matriz, con el objetivo de mejorar la transferencia de carga entre ellos y consecuentemente las propiedades mecánicas del compuesto. Se han investigado distintas estrategias, la primera de ellas basada en la investigación de materiales con una fase común (o con alta afinidad química) entre las fibras y la fase liquida del cemento; de esta manera se quiere crear un enlace más fuerte entre las fibras y la matriz. En un primer material se incorporó un 1 w/v% de Trimetilo de quitosán (TMC) en la fase líquida del cemento que a su vez se reforzó con fibras de quitosán. La incorporación del TMC en la matriz, comportó la cohesión inmediata del cemento, mayores tiempos de fraguado y una disminución de la SSA. La buena compatibilidad entre fibras y matriz se observó en la continuidad de la interfaz (observada por MEB) y por el hecho que las propiedades mecánicas fueron mejoradas respecto al FRCPC sin TMC en la matriz. En un segundo grupo de materiales, se añadió un 10 v/v% de ácido láctico (LA) a la matriz del cemento junto con hilos discontinuos de ácido poliláctico (PLLA). Aunque la presencia de LA permitió obtener CDHA, la reacción se ralentizó llevando a una matriz más débil. Aunque no se obtuvieron diferencias significativas, la incorporación de las fibras de PLLA mejoró las propiedades mecánicas a flexión respecto a la matriz sin fibras (tanto con, como sin LA en la matriz). La caracterización biológica por medio de células osteoblásticas MG63 sugiere que el LA es perjudicial para las células y que la presencia de las fibras afecta a la 
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Objectives and structure of the thesis 
1.1 The context Bone is among the most frequently transplanted tissues in the body. In Europe, about one million patients encounter a surgical bone reconstruction annually. The worldwide market of bone replacement materials is currently estimated at 5 billion Euros with a 10% growth due to the ageing of the population.  The human skeleton produces bone up to approximately the age of 30, after which bone is gradually lost (Sroujia & Livneb, 2005). Bone remodelling and bone loss, as a function of age, are under the control of both endogenous hormonal changes and external mechanical loads originating from physical activity. These impart their effects through regulation of the relative activities of bone cells, in particular osteoblasts and osteoclasts, which control bone deposition and reabsorption, respectively (Ettinger, 2003; Seeman, 2003). Decreased bone formation is the pathophysiological mechanism responsible for bone loss associated with aging. The most common problem is Osteoporosis. Osteoporosis is a disease where there is a drastic bone loss resulting in osteopenia and that involves a high risk of fractures 
(Strømsøe, 2004). It has been estimated that only 31–36 % people over the age of 70 years have normal bone mass. The lifetime risk for hip fracture for women in their fifties is 18–25 % and the risk for men 6–7 %. However, aging is not the only problem related to bone. Critical size defects due to traumatic injury, osteomyelitis or bone tumour resection are as important as problems related to aging.  
1  
Chapter 1 
The gold standard in bone replacement is tissue grafted from the same patient (autograft). However, bone autograft is limited in quantity (about 20 cm3) and the harvesting process requires additional surgery, with the potential for pain and complications. Bone grafts from donors from the same (allografts) or different (xenografts) species are also very common, but entail laborious sterilisation treatment and may associate immunological rejection.  Due to the problems of the natural grafts scientists have long searched for synthetic bio-compatible materials, also known as “biomaterials”. Although most synthetic bone substitutes available possess some of the positive properties of autografts, none yet have all the benefits of one’s own bone. Among the available biomaterials, Calcium Phosphate (CaP) materials, and more specifically calcium phosphate cements (CPCs), are of great interest. Although these materials present many advantages, they can still be improved in several respects.    
1.2 Objectives  
The main aim of this PhD Thesis is to contribute to the improvement of the properties of Calcium Phosphate (CaP) biomaterials for bone regeneration with major regard to CPCs. The specific objectives can be defined as follows:   1. Design of new biphasic CPC (named BCPC) containing two phases with different solubility.  
 Development of self-setting Biphasic Calcium Phosphates (BCP), which would add to the benefits of osteoinductive BCP ceramics, the advantages associated to calcium phosphate cements.  
 Characterisation of the properties of the new BCPCs obtained from initial blends of powders with different α-TCP/β-TCP ratios, paying special attention to the setting reaction, mechanical properties, degradation and ion release.  2  
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2. Development of new CPC-fibre composites with enhanced mechanical properties. In order to improve the mechanical strength, it is very important to find a composition where the two phases (CPC and fibres) are intimately mixed with adequate adhesion at the interface. In this Thesis different approaches are investigated, all focused on the improvement of the adhesion between the fibres and the matrix: 
 Development of new Fibre Reinforced Calcium Phosphate Cements (FRCPCs) using polymeric additives in the liquid phase with high affinity to either chitosan or (Poly)-L-Lactic Acid (PLLA) fibres in order to create a good fibre/matrix contact, aiming to improve the composite toughness. 
 Use of low temperature plasma treated PLLA fibres, in order to create functional groups on the surface of the fibres, improving in this way their wettability and enhancing CPC mechanical properties through better adhesion fibre-matrix.   3. Development of new macroporous CaP scaffolds to be used as Simvastatin Acid (SVA) carriers. It is intended to design scaffolds with similar macrostructure but different composition and microstructure, so different processing routes either by low temperature processes or by sintering are envisaged. The issues tackled in this part are: 
 Design and pysico-chemical characterisation of the new macroporous calcium phosphate materials.  
 Modification of CaP surface through low pressure plasma polymerisation and characterisation of the so-obtained polymeric layer.  
 Study of the loading and release of Simvastatin Acid (SVA) from the CaP macroporous scaffolds and the potential effect of plasma polymerisation coatings on the drug-loaded scaffolds as a possible way to control the release of the drug. 
3  
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 The interdisciplinary scope of this PhD thesis is reflected by the fact that it involves different materials (ceramics and polymers), their preparation and/or optimisation, their characterisation with the related physico-chemical techniques, as well as the biological studies on selected materials among all these synthesised.  
1.3 Structure Even if all materials designed in this PhD Thesis are calcium phosphate materials (mainly based on the cementitious reaction of α-TCP), due to the different final aims and for the sake of clarity, it has been decided to divide the Thesis in three parts in order to facilitate its reading. In Figure 1 the structure of this Thesis is represented schematically. In the beginning a general state of the art including bone and bone substitutes (particularly calcium phosphates) is presented (Chapter 2). Chapter 3 presents the development of biphasic calcium phosphate cements (BCPCs); followed by Chapter 4 which introduces three different strategies with two different approaches to design fibre reinforced calcium phosphate cements and Chapter 5 presents the development of macroporous scaffolds calcium phosphate scaffolds and their release of simvastatin acid. Finally, general conclusions and final remarks are presented in Chapter 6. 
4  
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State of the art  
 
2.1. The bone  
Bone tissue, one of the hardest structures in the human body, is a type of dense 
connective tissue. Bones are rigid organs that constitute the vertebrate 
endoskeleton. Nevertheless, they possess a certain degree of toughness and 
elasticity (Gray, 1918). 
2.1.1. Macrostructure and functions  
Bone is a dynamic, highly vascularised, composite material that contains two phases; 
a biopolymer consisting of matrix proteins, mostly collagen (type I), with some 
minor but important non-collagenous proteins (e.g. proteoglycans), minor amounts 
of lipids, and osteogenic factors (LeGeros, 2008). And a biomineral or inorganic 
part, composed of carbonated hydroxyapatite (CHA) with a low crystallinity (250-
500 x 30 Å) (Dorozhkin, 2007) described by the following general chemical 
formula (Vallet-Regí, 2004): 
 
                                                                         
 
Where  represents a vacant.  
This bone carbonated hydroxyapatite is non-stoichiometric and has a high specific 
surface area. 
 
The inorganic to organic ratio is approximately 75 to 25 % by dry weight and about 




bones in the same animal and over time in the same animal. A higher mineral to 
collagen ratio typically yields stronger but more brittle bones.  
 
Bone is composed of a relatively dense outer layer (cortical or compact bone) 
covering an internal mesh-like structure (average porosity of 75 – 95%) of 
cancellous bone (also named: spongy or trabecular bone), the density of which is 
about 0.2 g/cm3. Bone is indeed a porous material with pore size ranges from 1 to 
100 μm in normal cortical bone and 200 to 400 μm in trabecular bone. 55 to 70% of 
the pores in trabecular bone are interconnected (Dorozhkin, 2009). Furthermore, 
the two types of bone have different mechanical properties, which are reported in 
Table 2.1. 
 
Table 2.1-Mechanical properties of cortical and trabecular bone tissue (Barinov, 2010). 
Property Cortical bone tissue Trabecular bone tissue 
Compressive strength (MPa) 100-230 2-12 
Bending and tensile strength (MPa) 50-150 10-20 
Pre-failure deformation (%) 1-3 5-7 
Crack resistance (MPa·m1/2) 2-12 - 
Young’s modulus (GPa) 7-30 0.05-0.5 
 
Bone is a very important organ due to the multiple functions it has to accomplish: 
mechanical, synthetic and metabolic (Bilezikian, 2001).  
 Mechanical functions: protecting internal organs (for example the skull 
protects the brain and the ribs protect heart and lungs); giving a shape and 
keeping the body supported; permitting the movement through the 
interaction with muscles.  
 Synthetic function: producing red and white blood cells in the inner part of 
the bone (bone marrow).  
 Metabolic function: important source of minerals, such as calcium and 
phosphorous, growth factors (for instance Bone Morphogenetic Protein 
(BMP) and Transforming Growth Factor (TGF)) and fat (the yellow bone 
marrow acts as a storage reserve of fatty acids). Furthermore, bone buffers 
the blood against excessive pH changes by absorbing or releasing salts, 
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detoxificating the blood from heavy metals, storing them and avoiding their 
influence on other organs. 
 
There are different types of bones in the human body with different functions. Bones 
come in a variety of shapes (long, short, plate, irregular and sesamoid) and have a 
complex internal and external structure. They are lightweight yet strong and hard, 
and serve multiple functions. Since the different types of bone are distinguished 
more by their external shape than by their basic structure, the bone structure is 
briefly described in the next paragraphs. Figure 2.1 shows the scheme of the 
structure of a long bone. 
 
Figure 2.1 - Structure of a long bone. Macroscopic structure (left) and transversal section of the bone 
(right) with its basic structure (Encyclopaedia Britannica).  
The osteon, or Haversian system, is the fundamental functional unit of the compact 
bone. Osteons, roughly cylindrical structures, are typically several millimetres long 
and around 0.2 mm in diameter.  
Each osteon consists of concentric layers, or lamella, of osseous tissue that surround 
a central canal, the Haversian canal. The Haversian canal contains the bone nerve 
and blood supplies. The boundary of an osteon is the cement line. Between adjoining 
osteons there are angular intervals that are occupied by interstitial lamellae. Near 




these are called circumferential lamellae. Osteons are connected to each other and to 
the periosteum by oblique vessels called Volkmann canals.  
Vascularisation is really important in bone. In the diaphysis and metaphysis of long 
bones the vascularisation network is constituted by the nutrient artery, which 
passes through the cortex into the medullar cavity and then ramifies outward 
through Haversian and Volkmann canals to supply the cortex. Epiphyses are 
supplied by a separate arterial system. 
 
2.1.2. Bone remodelling  
Bone is a complex living organ composed by different types of cells and subject to 
continuous modifications (Figure 2.2), also known as bone remodelling (Frost 
1964).  
 
There are several types of bone cells with different functions:  
 Osteoprogenitors: cells which are induced to differentiate to osteoblasts 
under the influence of growth factors, especially bone morphogenetic 
proteins (BMP). 
 
 Osteoblasts: Mononucleated “bone-forming” cells found near the surface of 
bones. They are the cells responsible for bone production and mineralisation. 
They are responsible for making osteoid, which consists mainly of collagen. 
The osteoid becomes mineralised, thus forming bone.  
 
 Osteocytes: osteoblast cells that become trapped in the matrix they secreted. 
These are osteoblasts that are no longer on the surface of bone, but are 
instead found in lacunae between the lamellae in bone. Osteocytes contact 
with the cytoplasm processes of their counterparts via a network of small 
canals, or canaliculi. This network facilitates the exchange of nutrient and 
metabolic waste and contributes to the homeostasis by maintaining the 
correct oxygen and mineral levels in the bone. 
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 Osteoclasts: Multinucleated cells that are responsible for bone resorption. 
They travel to specific sites on the surface of bone and secrete acid 
phosphatase, which resorbs the calcium in mineralised bone to break it 
down. Once osteoclasts have dissolved old bone, they disappear and die 
(Väänänem & Zhao, 1996). 
 
 Bone-lining cells: quiescent osteoblasts covering the bone (Miller, 1987).  
 
 
Figure 2.2- Bone cells and bone remodelling, from the resting state to new mineralization passing 
through resorption, bone formation and bone mineralisation (Encyclopaedia Britannica). 
 
All these different kinds of cells are involved in bone remodelling (Frost 1964). This 
process occurs both in physiological as well as in pathological situations and 
controls the reshaping or replacement of bone during growth and following injuries 
such as fractures and micro-damages, which occur during normal activity.  
Bone remodelling is a life-long process: osteoclasts, stimulated by mechanical or 
biochemical factors, start to resorb the bone while osteoblasts attach, proliferate 
and differentiate, and leading to the production of matrix proteins. These proteins 
include collagen (predominantly type I), osteocalcin (OSC) and BMPs. After mineral 




ossification. As a result, bone is added where needed and removed where it is not 
required.  
 
Figure 2.3- Bone remodelling. The cyclic process is shown: osteoclast cells are reabsorbing the mature 
bone, while osteoprogenitor cells are transformed into osteoblast cells producing new bone tissue; all 
these processes are regulated by mechanical and biochemical factors. 
 
2.2. Bone grafting  
A Graft is a tissue or an organ taken from a site of the same patient of from a 
different being and inserted into a new site or person. It is performed to repair a 
defect in structure. Bone grafting is widely used in hospitals to repair injured, aged 
or diseased skeletal tissue.  
 
There are different types of grafts (Marsh, 2006):  
 Autologous bone graft or Autograft: Tissue transplanted from one part of 
the body to another in the same individual. Traditionally, autologous bone is 
harvested from the iliac crest through a generous, open incision. This can 
result in significant pain (25-30%) and morbidity (up to 10%). In situations 
where rapid incorporation is required, autologous graft remains the 
treatment of choice in patients with poor vascularity, history of infection, 
failed attempts at non-union repair, fracture site gaps, unfavourable 
mechanical circumstances. There are different types of autografts depending 
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on the need. The harvest sites are first of all the iliac crest, fibula and 
occasionally the ribs. 
 
 Allograft: Transplant of an organ or tissue from one individual to another of 
the same species with a different genotype. A transplant from one person to 
another is an allograft. Allografts account for many human transplants, 
including those from cadaveric, living related, and living unrelated donors. It 
is also called allogeneic graft or homograft.  
It is common to substitute bone with a derived-allograft product called 
demineralised bone matrix (DBM). In DBM the mineral phase of the bone 
tissue is extracted leaving behind only a matrix consisting of proteins, GFs, 
and collagen. 
 
 Xenograft: A surgical graft of tissue from one species to an unlike species (or 
genus or family). Xenograft bone is less common and, as allograft bone, has to 
be processed before implantation to avoid an immune reaction and 
consequent rejection of the implant.  
 
Presently, bone autograft is the safest and most effective grafting procedure, since it 
contains patient’s own bone growing cells and proteins, and it provides a framework 
for the new bone to grow into. However, bone autograft is limited in quantity (about 
20 cm3), and its harvesting (e.g. from the iliac crest) represents an additional 
surgical intervention, with frequent subsequent pain and complications.  
Allograft bone is also very common. It comes from tissue banks and it does not 
contain any living cells or matrix proteins since the tissue has been destroyed by 
virus-inactivation treatments and freezing processes. However allograft bone may 
transfer diseases or lead to immunological rejections (Burchardt, 1987).  







Table 2.2- Summary of the different grafts on the market with their advantages and drawbacks. 
Type  Origin Advantages Drawbacks 
Autograft Same patient 
 Patient’s growing 
cells and proteins 
 Limited in quantity 
(about 20 cm3) 








 Abundant supply 
 Lack of donor site 
morbidity 
 Do not provide viable 
osteogenic cells 
 Less effective than 
autografts 
 Higher risk of infection 
 Very small risk of 
disease transmission 









 No risks of disease 
transmission 
 Lack of donor site 
morbidity 
 Does not provide 
viable osteogenic cells 
 No structural support 







 Abundant supply 
 Lack of donor site 
morbidity 
 Do not provide viable 
osteogenic cells 
 Less effective than 
autografts 
 Higher risk of infection 
 Very small risk of 
disease transmission 
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Since autografts, allografts and xenografts have drawbacks, scientists have long 
searched for bio-compatible materials, coined as “biomaterials”. As defined by 
Williams: “A biomaterial is a substance that has been engineered to take a form which, 
alone or as part of a complex system, is used to direct, by control of interactions with 
components of living systems, the course of any therapeutic or diagnostic procedure, in 
human or veterinary medicine” (Williams, 2009). Although most synthetic bone 
substitutes available possess some of the positive properties of autograft, none yet 
have all the benefits of one’s own bone. 
Current commercial substitute materials to replace or repair teeth and bones 
include metals, polymers (natural or synthetic), human bones (processed cadaver 
bones), animal bones (processed cow bones), corals and coral derived, synthetic 
ceramics (calcium phosphates, calcium carbonate, bioactive glasses), and 
composites (LeGeros, 2008). Depending on their ability to stimulate a response 
from the tissue, materials are classified into bioinert (e.g.: metals, some polymers, 
and some ceramics) and bioactive materials (including natural polymers, calcium 
phosphates, calcium carbonate, calcium sulphates and bioactive glasses, among 
others).  
 
In 2006 Anderson presented the past, present and perspectives of the future of 
biomedical materials (Anderson, 2006), which is summarised below:  
 
 First Generation (1950 – 1975)  bioMATERIALS  
The development of these materials was due mainly to the need to find materials 
with a long- term integrity and non-toxic nature.  
 
 Second Generation (1975 – 2000)  BIOMATERIALS  
The biological interactions with biomaterials began to be more extensively 
investigated; advances in biological mechanisms knowledge led to a better 
understanding of interaction between biological systems and biomaterial surfaces; 






 Third Generation (2000 - present) BIOmaterials  
The advent and development of tissue engineering and regenerative medicine have 
given a heavy emphasis on the role of the biological interaction of biomaterials. The 
development of design criteria begins identifying the patient needs.  
The capital letters emphasise the major direction of the research efforts in the 
complex subject of biomaterials. 
Recently Holzapfel et al. (Holzapfel, 2013) analysed the past 50 years of research in 
biomaterials trying to reply from a clinical point of view to the question: “how smart 
do biomaterials need to be?” and pointed out the need to understand better how 
cells interact not only with the biomaterials but also with their own matrices. Thus, 
in the authors’ opinion, the immediate focus of biomaterials and tissue engineering 
research in the 21st century should contribute to elucidate the biology of the cell–
extracellular matrix (ECM) interface and the scaffold/ECM/cell interface. 
 
2.3. Calcium phosphates in bone repair 
Calcium orthophosphates have been studied as bone repair materials for the last 80 
years. The first in vivo test of calcium orthophosphates was performed in 1920, 
when researchers implanted tricalcium phosphate (TCP) into animals to test its 
efficacy as a bone substitute (Albee & Morrison, 1920). However, it was in 1951 
when hydroxyapatite (HA) was implanted, for the first time, in rats and guinea pigs 
(Ray, 1952). In the 1970s other calcium orthophosphates were synthesised, 
characterised, investigated and evaluated in medicine. In 1971, Bhaskar published 
the ﬁrst study concerning the preparation of biodegradable porous β-TCP scaffolds 
(Bhaskar, 1971) and the term “bioceramics” was introduced simultaneously. In 
1973, the ﬁrst study on preparation and implantation of resorbable and porous β-
TCP bioceramics was published (Driskell, 1973). The following year, porous 
scaffolds consisting of hydroxapatite and of whitlockite were prepared by employing 
exchange reactions at elevated temperatures and pressures (Roy, 1974). The 
modern dental application of calcium orthophosphates began in 1975: β-TCP was 
applied in surgically created periodontal defects (Nery, 1975); followed, in 1979, by 
a study in which dense HA cylinders were used for tooth root replacement 
(Denissen & de Groot, 1979). The first applications of calcium orthophosphate 
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coatings, ﬁlms and layers started in 1976 (Sudo, 1976), while the first 
biocomposites and hybrid biomaterials containing calcium orthophosphate are 
dated back to 1981 (Bonfield, 1981; Bonfield, 1981b). In the 1980s an extensive 
commercialisation of the dental and surgical applications of calcium orthophosphate 
bioceramics was initiated, mainly due to the pioneering efforts by Jarcho (Jarcho, 
1976; Jarcho, 1977; Jarcho, 1979; Jarcho, 1981) in the USA, de Groot (Peelen, 
1977; Rejda, 1977; de Groot, 1980; de Groot, 1983) in Europe and Aoki (Aoki, 
1977; Kato, 1979; Akao, 1981; Akao, 1982) in Japan.  
The ﬁrst publication on drug-loaded calcium orthophosphate bioceramics was 
issued in 1985 (Randzio, 1985). In the same year, works concerning biphasic, 
triphasic and multiphasic calcium orthophosphates were published (Anuta & 
Richardson, 1985; Moore, 1985). Finally yet importantly, the ﬁrst paper on 
calcium orthophosphates used as scaffolds was published in 1994 (Norman, 1994), 
while applications of calcium orthophosphates in tissue engineering began in 1998 
(Dekker, 1998; Friedman, 1998). 
 
In the ternary system Ca(OH)2–H3PO4–H2O there are eleven known non-ion-
substituted calcium orthophosphates with the Ca/P molar ratio within 0.5 and 2.0 
(Table 2.3) (Elliot, 1994). Some of them are obtained by precipitation at room 
temperature while others by thermal decomposition or thermal synthesis. 
Important parameters in these materials are the molar Ca/P ratio, basicity/acidity 
and solubility. These parameters strongly correlate with the solution pH during 
synthesis. The lower the Ca/P molar ratio is, the more acidic and water-soluble the 
calcium orthophosphate is (LeGeros, 1991; Elliot, 1994; Amjad, 1997). 
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In low temperature synthesis of CaPs, due to the triprotic equilibrium that exists 
within orthophosphate-containing solutions, variations in pH alter the relative 
concentrations of the four polymorphs of orthophosphoric acid (Figure 2.4) and 
thus both the chemical composition and the amount of the calcium orthophosphates 




Figure 2.4- pH variation of ionic concentration in triprotic equilibrium for phosphoric acid solutions. 
(Lynn & Bonfield, 2005). 
 
The pH is also important to predict the dissolution of the reaction products. Figure 






Figure 2.5 - Solubility phase diagram for the ternary system Ca(OH)2–H3PO4–H2O, at 37 °C: (a) isotherms 
describing the solubility of a salt, expressed as the logarithm of the total calcium (log[Ca]) and total 
phosphate (log[P]) concentrations of the saturated solution as a function of pH; (b) solubility isotherms 




2.3.1. Properties of calcium phosphate materials 
Depending on the synthesis method and composition, Calcium Phosphate (CaP) 





These concepts are further described subsequently. 
a) Bioactivity  
 
In the context of bone substitutes, bioactivity can be defined as the property of the 
material to develop a direct, adherent and strong bonding with bone (Dorozhkin, 
2007). 
In vitro bioactivity (assumed to predict in vivo bioactivity but as matter of fact just an 
approximation) has been associated with the formation of a bone-like apatite 
(carbonated hydroxyapatite) on the surface of the biomaterial when exposed to 
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metastable calcium phosphate solutions or to Simulated Body Fluid (SBF) with 
electrolyte composition similar to that of serum (Kokubo, 1996).  
In vivo bioactivity is evaluated after implantation in osseous sites (LeGeros, 2003).  
 
b) Biodegradability  
A material is defined as biodegradable if all of its components are subject to 
decomposition through biological activity. Degradation can occur by two different 
mechanisms: simple dissolution (“passive”) or after osteoclastic bone remodelling 
(“active”). 
In ceramic materials, “passive” in vitro resorption is measured by incubating the 
cement samples in a solution which simulates the body fluids, as for instance cell 
culture medium (Grossardt, 2010) and monitoring Ca2+ release or weight loss, 
whereas “active” in vitro resorption is determined through cell cultures of 
osteoclastic cells (Grossardt, 2010).  “Active” in vitro biodegradation can be 
simulated by immersing the material in an acidic buffer and monitoring the release 
of Ca2+ ions or weight loss with time (Hankermeyer, 2003). The acidic buffer, to 
some extent, mimics the acidic environment during osteoclastic bone resorption 
activity (Baron, 1985).  
In vitro or in vivo degradation of CaPs depends on many features, among them their 
composition, particle size, crystallinity, porosity, and preparation conditions.  
 
c) Osteoconductivity  
Osteoconductivity, when referring to biomaterials, is the ability to serve as scaffold 
or template to guide formation of the newly forming bone along their surfaces 
(Jarcho 1981; Davies & Hosseini, 2000).  Osteoconduction is essential for stable 
long-term orthopaedic and dental implants. All bioactive materials are also 
osteoconductive.  




 Surface chemistry  surface chemistry can be modified in order to obtain 
osteoconductive materials (Kokubo, 2009). 
 Surface topography  It has been shown that bone cells are sensitive both 
to micro- and nano- surface topography. On one hand, microgrooved HA 
surfaces have an influence on osteoblastic guidance (Lu & Leng, 
2003). On the other hand, nano-patterns seem to affect the focal adhesion 
of osteogenic cells (Cassidy, 2014), and nano-topography has an effect on 
osteoclastic activity (Geblinger, 2010). 
 Architectural geometry  porous materials allow a better bone growth; 





The term osteotransductivity has been introduced to describe the “in vivo” 
behaviour of materials such as β-tricalcium phosphate (β-TCP), rhenanite 
(CaNaPO4) and certain apatitic calcium phosphate cements (CPCs) (Driessens, 
1993). Upon implantation in bone these materials show a fast osteointegration, but 
later they are slowly resorbed and simultaneously and gradually replaced by new 
bone tissue without the formation of a gap between material and bone and, thus, 
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2.3.2. Calcium phosphate cements 
A “cement” is a mixture of a solid and a liquid phase that sets and hardens 
independently and can bind other materials together (Figure 2.6).  
A Calcium Phosphate Cement (CPC) is a bioactive and biodegradable graft, capable of 
self-setting to a solid body, in which the solid phase is a CaP powder and the liquid 
phase is water or an aqueous solution. 
The possibility of obtaining monolithic calcium orthophosphate ceramics at ambient 
or body temperature via a cementitious reaction was put forward by LeGeros et al. 
(LeGeros, 1982) and Brown and Chow (Brown & Chow, 1983; Brown & Chow, 
1985; Brown & Chow, 1986; Gruninger, 1984) in the early 1980s. 
CPCs have been extensively investigated due to their excellent biological properties, 
potential resorbability, moulding capabilities, and easy manipulation.  
A number of CPC formulations are currently available. Either hydroxyapatite (CDHA: 
Ca10−x(HPO4)x(PO4)6−x(OH)2−x, with 0 < x < 1 or PHA: Ca10(PO4)6(OH)2) or brushite 
(DCPD: CaHPO4·2H2O) can be formed in the cement setting reaction. The former are 
named apatitic cements and the latter brushitic cements. Their main advantages and 












Table 2.4- Summary of the advantages and drawbacks of Calcium Phosphate Cements (Ginebra, 2006a; 
Ginebra, 2006b; Ambard, 2006; Ginebra, 2008). 
Advantages Drawbacks 
1. Self-setting ability in vivo. 
2. Good osteoconductivity and 
occasional osteoinductivity. 
3. Osteotransductivity. 
4. Mouldability: perfect fitting to the 
implant site, which assures good 
bone-material contact, even in 
geometrically complex defects. 
5. Potential injectability that allows 
cement implantation by minimally 
invasive surgical techniques. 
6. Excellent biocompatibility and 
bioactivity. 
7. No toxicity. 
8. Low cost. 
9. Ease of preparation and handling. 
10. Setting at body temperature. 
11. Form chemical bonds to the host 
bone. 
12. Clinically safe materials in their 
powder components. 
13. Can be used to deliver antibiotics, 
anti-inflammatory drugs, growth 
factors, morphogenic proteins, etc. 
at local sites, which are able to 
stimulate certain biological 
responses. 
 
1. Mechanical weakness: limited use 
due to potential collapse of 
material followed by soft tissue 
formation instead of bone 
formation (loaded areas). Until 
cements with adequate shear 
strength are available, most 
complex fractures that can be 
repaired with cement will also 
require metal supports. 
2.  Can be washed out from surgical 
defect in excess of blood. 
3. Lack of macroporosity, especially 
interconnected pores, which 
prevents fast bone ingrowth and 
the cements degrade layer-by-
layer from the outside to the 
inside only. 
4.  The in vivo biodegradation of 
many formulations is slower than 




Although some literature reports suggest that developments of CPCs stemmed from 
existing knowledge of calcium silicate or calcium sulfate cements, the discovery of 
the first CPC (Brown & Chow, 1986) was in fact a result of decades of basic studies 
on calcium phosphate solubility behaviours (Chow & Takagi, 2001) based on 
solubility phase diagrams (Figure 2.5) (Brown, 1973).  
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The mixture of the liquid and the solid phases is made in a tailored ratio that allows 
obtaining a mouldable paste that upon setting and hardening, after a certain time 
(depending on the formulation), transforms into a solid body that cannot be mould 
anymore (Figure 2.6).  
 
 
Figure 2.6 - Cementitious reaction of calcium phosphate cements. 
The relevant parameters in the setting process are shown in Figure 2.7, and can be 
defined as follows: 
 Cohesion time (C-T) is the time at which a CPC presents cohesion. Cohesion 
can be defined as the capacity of a CPC to set in a fluid without disintegrating 
(Ginebra, 2008).  After the C-T is reached, the CPC in contact with blood or 
body fluids does not wash-out and can therefore be implanted. 
 
 Initial setting time (I-T) is the time which indicates the end of mouldability 
of a CPC. The surgeon has the range of time between the C-T and I-T for 
introducing the CPC into the operated site. 
 
 Final setting time (F-T) is the time after which it is not possible to mould the 







Figure 2.7 – Diagram of the setting parameters relevant for a calcium phosphate cement. (CT, Cohesion 
Time; I-T, Initial Setting Time; F-T, Final Setting Time).  Figure revisited from (Driessens, 1998). 
As far as the clinical application is concerned, adequate working ranges as proposed 
by Driessens et al. in 1998 (Driessens, 1998) were 0 min< C-T < 3 min for the 
cohesion time, 4min < I-T< 8 min and 10 min < F-T < 15 min for the initial and final 
setting times, respectively. Apatitic cements, in general, present longer times than 
the ones proposed. These features for apatitic cements can be changed by: 
1. The reduction of the liquid to powder ratio (L/P). 
2. The reduction of particle size. 
3. The addition of calcium phosphate ions either pre-dissolved in the liquid 
phase or as highly soluble salt (common ion effect: the higher the 
concentration, the shorter the setting time). 
4. The addition of seed materials, which act as crystal nuclei (the greater the 
number of nuclei, the shorter the setting time). 
 
Apatitic CPCs, in other words those CPCs leading to the formation of PHA or CDHA as 
the reaction products, can be classiﬁed in three groups in (Ginebra 2008), taking 
into account the number and type of calcium phosphates used in the powder 
mixture: 
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1. Monocomponent CPCs, in which a single calcium phosphate compound 
hydrolyses to form PHA or CDHA. Since hydroxyapatite is the least soluble 
phase at pH > 4.2, this means that any other calcium phosphate present in an 
aqueous solution at that pH range will tend to dissolve, tending to precipitate 
to PHA at the equilibrium. As a result, H3PO4 or CaOH2 are released into the 
solution. However, in most cases the formation of PHA is kinetically very 
slow, due to a decrease of the super-saturation level, as the reaction 
proceeds. The only cement system belonging to this category was ﬁrst 
reported by Monma et al. (Monma, 1976; Monma 1984) and was further 
optimised and characterised by Ginebra el al. (Ginebra, 1994; Ginebra, 
1995; Ginebra 1997; Ginebra, 1999; Ginebra, 2004). This system is based 
on the hydrolysis of α-TCP to CDHA according to equation (2.2): 
3α-Ca3(PO4)2 + H2O → Ca9(HPO4)(PO4)5(OH)                           (2.2)    
        
2. CPCs formed by two calcium phosphates, one acidic and the other one basic, 
which set following an acid–base reaction. The basic component is normally 
TTCP (the only calcium phosphate having a Ca/P ratio higher than PHA). 
TTCP can be combined with one or more calcium phosphates with lower 
Ca/P ratio to obtain either PHA or CDHA. From a theoretical point of view, 
any calcium phosphate more acidic than PHA is able to react directly with 
TTCP to form PHA or CDHA. The most widely studied combinations are: i) 
TTCP + DCPD and ii) TTCP + DCPA blends, which were ﬁrst developed by 
Brown and Chow (Brown & Chow, 1983; Brown & Chow, 1985) and have 
been the object of extensive research in the 1990s (Brown & Fulmer, 1991; 
Xie & Monroe, 1990; Chow, 1991; Ishikawa, 1994; Fukase, 1990; 
Tenhuisen, 1996). These blends produce cements that set at body 
temperature in a pH range around neutral, according to equations (2.3) and 
(2.4). 
 
Ca4(PO4)2O + CaHPO4·2H2O → Ca5(PO4)3OH + 2H2O              (2.3) 





3. Systems formed by more than two compounds, including calcium phosphates, 
and other salts. An example of this group of CPCs is the product developed by 
Norian Corporation (Norian SRSTM, Skeletal Repair System) (Constantz, 
1995), where blends of calcium phosphates with a Ca/P ratio lower than 
PHA are used and CaCO3 is added as an additional source of calcium ions.  
This PhD thesis is focused on the modification of apatitic cements belonging to the 
first group, namely, based on the hydrolysis of α-TCP to CDHA, with the aim of 
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Biphasic Calcium Phosphate Cements 
In chapter 2 Calcium Phosphate Cements (CPCs) have already been introduced with their advantages and drawbacks. Due to their similar properties to those of bone they have been extensively studied in the last years. This thesis is centred on CPCs 
based on α-Tricalcium Phosphate (α-TCP) combined with different additives either ceramic, liquid polymers or polymer fibres. Specifically, in this chapter we 
investigate CPCs based on α-TCP incorporating β-TCP in order to form Biphasic Calcium Phosphates Cements (BCPCs).  
3.1. Introduction 
3.1.1. Osteoinduction 
Osteoinduction is “the induction of undifferentiated inducible osteoprogenitor cells 
that are not yet committed to the osteogenic lineage to form osteoprogenitor cells” 
(Friedenstein, 1968). Even if this process was already observed in the first part of the past century, the milestone in this field was the identification by Urist of Bone Morphogenetic Proteins (BMPs) as inducers of heterotopic bone formation (Urist, 
1967; Urist & Strates, 1971). Urist defined osteoinduction as “the mechanism of 
cellular differentiation towards bone of one tissue due to the physicochemical effect or 
contact with another tissue” (Urist, 1967). Later on, it was discovered that this property could be attributed to some biomaterials. The osteoinduction mediated by biomaterials is their ability to induce bone formation when implanted at heterotopic sites (Barradas, 2011). Osteoinductive 39  
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biomaterials have great potential in bone regeneration, yet there is a lack of fundamental understanding of the biological mechanism underlying the phenomenon by which osteogenesis is induced. Both BMP-2 and BMP-7 have been successfully used in many applications due to their osteoinductive capacity 
(Boakye, 2005; Vaccaro, 2004). Osteoinductivity can be either caused by the addition of osteogenic factors to the material or be stimulated from the material itself. In the first case it is called “engineered” osteoinductivity while in the second case it is called “intrinsic” osteoinductivity.  
a) Engineered or Programmed Osteoinductivity  Osteoinductivity can also be stimulated from the addition of osteogenic factors to the material. In the case of CaPs or CaP-based composite scaffolds, osteoinduction is caused by combining them with osteoprogenitor cells (stem cells, marrow cells, dental pulp cells, and chondrocytes) or bone growth factors (i.e. BMPs). 
 
b) “Intrinsic” Osteoinductivity  In general, most CaP biomaterials are known to be osteoconductive but not osteoinductive (Legeros, 1991). However, several CaP materials have been reported to have the ability to form bone in non-bony sites of different animals without addition of osteogenic factors. In particular, this has been observed in some porous synthetic HA (Yamasaki & Sakai, 1992; Ripamonti, 1996), sintered β-TCP 
(Toth, 1993), but especially in Biphasic Calcium Phosphate (BCP) ceramics 
composed of HA and β-TCP (Yang, 1996; Le Nihouhannen, 2005; Gosain, 2002; 
Habibovic, 2005).  Since this osteoinductive property was observed in some CaP materials but not in others of similar composition, the aforementioned materials were described to have ‘intrinsic’ osteoinductivity.   
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 Physical properties: Macro and micro-structure are really important.  In particular, the microstructure is believed to allow entrapment and concentration of circulating bone growth factors (BMPs) and osteoprogenitor cells imparting osteoinductive properties to the CaP materials (Legeros, 2008). Habibovic et al. claimed that to be osteoinductive, the materials need an appropriated macro and micro porosity (Habibovic, 2005). The macropores allow the bone ingrowth whilst the micropores accelerate the dissolution-reprecipitation process of CaP. To support this theory Yuan and co-workers found that the absence of micropores showed absence of bone induction (Yuan, 1998). This was further confirmed by Zhang et al. who found that, in mice, gene expression of osteocalcein (an osteoblastic specific marker) in tissue grown in HA or BCPs pores, was higher than in pure β-TCP (Zhang, 2009). Furthermore, they claimed complete differentiation of adipocytes (originated from mesenchymal stem cells). However Le Nihouhannen and coworkers affirmed that the pre-existence of macropores in the biomaterials is not essential for osteoinduction to occur (Le Nihouhannen, 2005). A recent paper (Bianchi, 
2014) showed that the dimension of the concavities in a material has an effect on in vitro mineralisation. Small concavities (Φ= 0.4 mm) showed a much higher mineralisation than large ones (Φ= 1.8 mm), a 4-fold decrease in dimension increased 124-fold the mineralisation. They concluded that concavity size is an effective parameter to control position and extent of mineralisation in vitro. Furthermore, they found that this mineralisation starts preferentially within concavities and not planar surfaces suggesting that surface microstructure is really important. By controlling the surface morphology it seems possible to modulate the mineralisation.  
 Chemical properties: Chemical composition is as important as the topography. In 1998 Yuan supposed that osteoinductivity could be related to Calcium phosphates with specific chemical and structural characteristics (Yuan, 
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1998). Scientists have investigated what could be the role of Ca2+ and Pi ions in the environment on osteogenesis. In order to prove the importance of these ions, Chai and co-workers added Ca2+ and/or Pi to the cell media to see the effects on mesenchymal stem cells. They saw an increase of proliferation and, at longer times, an increase in osteogenic gene expression (Chai, 2011). The same group found that in vitro exogenous Ca2+ and Pi supplementation promote osteogenic differentiation of human periosteum-derived cells (osteoprogenitor cells) in vitro (Chai, 2012). Yet the exact role of the chemical properties is not clear. The mechanisms of bone induction by CaP biomaterials involve many factors. They have not yet been elucidated and the debate about them is still open (Daculsi & 
Layrolle, 2004; Barradas, 2011). Several hypotheses have been proposed to explain this interesting biological property: 
 de Groot proposed that some calcium phosphate ceramics can concentrate endogenous bone growth factors (e.g. BMPs) from body fluids which will trigger stem cells to form bone tissue (de Groot, 1998).  
 Blood vessels might be a source of progenitor cells, which can differentiate into osteoblasts under the stimulation of the inflammatory cytokines released by macrophages and induced by CaP loose particles smaller than 5 
μm (Le Nihouhannen, 2008).  
 Some authors support the idea that the nanostructured rough surface or the surface charge of implants might cause the asymmetrical division of stem cells into osteoblasts (Habibovic, 2005). 
 Mesenchymal cells may be triggered by the local high level of calcium ions and recognise the bone-like apatite layer formed in vivo by dissolution-reprecipitation of CaPs to differentiate into osteoblasts (Daculsi & Layrolle, 
2004).  
 Ripamonti et al. (Ripamonti, 2009) suggested that “active” biodegradation could have a role. When osteoclastic resorption of the osteoinductive 
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Biphasic Calcium Phosphate Cements  substrate occurs, calcium ions are released which, in turn, stimulate angiogenesis and osteogenic differentiation of stem cells. All these hypotheses are based on the triggering of stem cells and osteogenic differentiation due to local CaP environments resulting from micro- and macro-porous structures of materials.  Finally yet importantly, the osteoinductivity of calcium phosphate biomaterials in animal models is a complicated matter, considering that osteoinduction is both material-dependent and animal-dependent (diﬀerent times for bone formation and 
diﬀerent amounts of bone induced by the same material in diﬀerent animal models) 
(Yuan, 1998).  Gosain et al. tried to explain this difference claiming that it could be due to a difference in concentration of GFs in different animals (Gosain, 2002). To date, the debate remains open.  
3.1.2. Biphasic calcium phosphate materials 
Biphasic Calcium Phosphates (BCPs) were introduced in the late 1980s (Daculsi, 
1989) in an effort to design synthetic bone grafts with tunable resorption rate. They are composed of Hydroxyapatite (HA), the most stable calcium orthophosphate (solubility at 25 °C, –log (Ks) = 116.8), and β-Tricalcium phosphate (β-TCP), a more soluble compound (solubility at 25 °C, –log (Ks) = 28.9) (Chow, 2009), with varying 
HA/β-TCP ratios. The resorption and bioactivity of BCPs can be controlled by 
changing the HA/β-TCP ratio and the crystallinity of the ceramic (Legeros, 2003).   As mentioned in the previous section, in recent years it has been shown that, in addition to being osteoconductive (promoting bone ingrowth in direct contact with their surface), BCPs could be also osteoinductive, i.e., they are able to foster differentiation of stem cells to the osteogenic lineage, leading to bone induction even in a non-osseous environment. This capacity, that initially was associated to the action of some growth factors, such as bone morphogenetic proteins, can also be triggered by some materials with specific chemical and structural characteristics 
(Yuan, 1998; Yuan, 2010; Le Nihouannen, 2005). This is the case of BCPs, where a proper combination of chemical composition, macroporosity and microporosity has 
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been shown to promote osteogenesis in vivo (Habibovic, 2005; Barradas, 2011), even without the addition of exogenous growth factors. In addition to specific microstructural features, the higher release of Ca2+ ions by BCPs compared to pure HA is proposed to be one of the parameters that explain the higher osteoinductive potential of this group of materials (Barradas, 2011; Chai, 2011).  BCPs are normally obtained by high-temperature sintering of calcium deficient apatites or other calcium phosphate precursors (LeGeros, 2003), with the limitations associated to this type of materials, e.g. they can be obtained only as preformed ceramics or granules.  The objective of this work is to obtain self-setting BCPs, which would add to the benefits of osteoinductive BCP ceramics the advantages associated to calcium phosphate cements like mouldability or injectability. Our hypothesis was that a 
biphasic HA/β-TCP material could be obtained from a mixture of α-TCP and the less 
soluble polymorph β-TCP, upon reaction with an aqueous solution. It is known that 
α-tricalcium phosphate (α-TCP, solubility at 25 °C, –log (Ks) = 25.5)) hydrolyses to a calcium deficient HA (CDHA) upon setting (Ginebra, 1997). α-TriCalcium Phosphate (α-Ca3PO4, α-TCP) and β-TriCalcium Phosphate (β-Ca3PO4, β-TCP) are two allotropic phases of the three possible (β, α and α’) at Ca/P ratio of 1.5 (Figure 3.1).  
The β-phase is stable at room temperatures up to 1180 °C, whereas the α-phase is stable at temperatures higher than 1180 °C. The last one (α’) lacks practical interest because it only exists at temperatures >1430 °C and reverts almost instantaneously 
to α-TCP on cooling below the transition temperature. 
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Figure 3.1- Phase diagram of the system CaO–P2O5 (C = CaO, P = P2O5) at high temperatures. Each line 
represents a phase boundary. Here C7P5 represents 7CaO⋅5P2O5; the other abbreviations can be written 
out in the same manner (Dorozhkin, SV, 2012). In this study, the properties of new Biphasic Calcium Phosphate Cements (BCPCs) 
with different α-TCP/β-TCP ratios are characterised, paying special attention to the setting reaction, mechanical properties, degradation and ion release. 
 
3.2. Objectives  
This work aims at designing new biphasic CPCs (herein named BCPCs) composed by CDHA and β-TCP, starting from blends of α-TCP and β-TCP at different α-TCP/β-TCP ratios, and characterising them in terms of setting properties, mechanical properties, and degradation.     45  
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3.3. Experimental 
3.3.1. α-TCP and β-TCP preparation  
 
a) α-TCP synthesis The powder phase of CPCs was obtained by sintering at 1400°C for 15 hours (Hobersal CNR-58) a mixture of calcium hydrogen phosphate (CaHPO4, Sigma-
Aldrich C7263) and calcium carbonate (CaCO3, Sigma-Aldrich C4830) at a molar ratio of 2:1, according to equation:  2𝐶𝑎𝐻𝑃𝑂4 + 𝐶𝑎𝐶𝑂3 →  𝛼 − 𝐶𝑎3(𝑃𝑂4)2 + 𝐶𝑂2 ↑ +𝐻2𝑂 ↑                       (3.1) The powder was homogenised for 15 minutes with a mechanical homogenizer (whip mix) and introduced into a Platinum-Rhodium crucible. The solid solution was sintered following the heating treatment in Figure 3.2. 
 
Figure 3.2 - α-TCP heating treatment After sintering, the material was extracted from the furnace and quenched in air by 
crushing into small, homogeneous pieces to stabilise the α-TCP phase.   
b) β-TCP synthesis 
β-TCP was obtained by sintering at 1100°C for 5 hours a mixture of calcium hydrogen phosphate (CaHPO4, Sigma-Aldrich C7263) and calcium carbonate (CaCO3, Sigma-Aldrich C4830) at a molar ratio of 2:1, according to equation: 
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As in the case of α-TCP, the powder was homogenised for 15 minutes with a mechanical homogenizer (whip mix) and introduced into a Platinum-Rhodium crucible. The solid solution was sintered in a furnace (Hobersal PR/300 serie 8B) following the heating treatment reported in Figure 3.3. 
 
Figure 3.3 - β-TCP heating treatment After sintering, the material was allowed to cool down in the furnace till room temperature.    
c) Powder grinding The milling of the reagents is an important step in the CPC fabrication process and a critical point that determines the final properties of the different CPCs. Milling was performed in a 500 ml volume agate jar (Pulverisette 6, Fritsch GmbB).  
Regarding α-TCP, 145 g of material were milled, using the following parameters: 
 mmaterial/mballs = 0.5 (10 agate balls of 3 cm diameter); 
 Rotation speed: 450 rpm; 
 Time: 15 min.  In the case of β-TCP 50 g of material were milled using to the following parameters: 
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 mmaterial/mballs = 0.42 (4 agate balls of 3 cm diameter);  
 Rotation speed: 150 rpm; 
 Time: 60 min.  
3.3.2. Powder characterisation 
a) Particle size distribution The particle size distribution of the powder was measured by laser diffraction (LS 13 320 Beckman Coulter). The powder was previously dispersed in ethanol in an ultrasonic bath to avoid the presence of agglomerates during measurement. The circuit was rinsed between each sample. Three measurements were taken for each composition in order to avoid errors due to possible surviving aggregates.  
b) Specific surface area Specific Surface Area (SSA) was determined by Nitrogen Adsorption at 77 K following the Brunnauer–Emmet–Teller method (BET) in an ASAP 2020 (Micromeritics).  
c) Phase quantification Phase composition of α-TCP and β-TCP powders was assessed by X-ray powder diffraction (XRD, PANalytical, X’Pert PRO Alpha-1) by scanning in Bragg-Brentano 
geometry using CuKα radiation (λ=1.5406 Å). The experimental conditions used were: 1.3 h of scan time with 2θ scan step of 0.017 ° and scan range between 4° and 100°, with measuring time of 50 s per step. X-ray generator parameters: voltage 45 kV and intensity 40 mA. The diffraction patterns were compared with the Joint 
Committee on Powder Diffraction Standards for α-TCP (JCPDS No. 9–348), β-TCP (JCPDS No. 9–169) and HA (JCPDS No. 9–432) (JCPDS, 1991). Rietveld refinements were carried out in order to quantify the phases present. The Inorganic Crystal 
Structure Database was used, including structural models for α-TCP (ICSD No. 923), 
β-TCP (ICSD No. 6191) and HA (ICSD No. 151414) (ICDS, 1998). 
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3.3.3. Cement preparation and characterisation 
a) Cement preparation Biphasic Calcium Phosphate Cements (BCPCs) were prepared by mixing the powder, 
consisting in combinations of α-TCP and β-TCP in various proportions, with the liquid phase (water or an aqueous solution of 2 wt % Na2HPO4 (Panreac) at a Liquid to Powder ratio (L/P) of 0.35 ml/g. Subsequently, the cement paste was put in Teflon moulds and immersed in Ringer’s solution at 37°C for 7 days to allow the reaction of the cement. Hereafter, the BCPCs will be named according to the amount 
of β-TCP (0, 20, 40, 60, 80, and 100 wt% β-TCP). 
 
 
b) Phase quantification Phase composition of BCPCs was assessed by X-ray powder diffraction as described in section 3.3.2c). The cement phase composition was studied by a semi-quantitative analysis performed on base of the patterns ((Chung, 1974); see Annex I) since Rietvelt refinements were not adequate due to low crystallinity.   
c) Initial and final setting time and cohesion The initial and final setting times of the cement pastes were determined with Gillmore needles according to the ASTM-C266-89 (ASTM-C266-89-Standard Test 
Method for time of setting of hydraulic cement paste by Gillmore needles). The cohesion time was determined by visual inspection after immersion of the samples in deionised water at 37˚C (Fernandez, 1996). Thus, the samples were checked up to a reasonable period of time (6-8 hours) to verify if the cement was releasing particles with time.  
d) Compressive strength testing The compressive strength was evaluated in cylindrical specimens (12mm height x 
6mm diameter) at a cross-head speed of 1 mm/min using a Servohydraulic Testing 
Machine MTS BIONIX 358 equipped with a 2.5 kN load cell. At least six replicates 49  
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were prepared for each cement formulation. The material was tested wet and the specimens were previously manual polished in order to obtain parallel surfaces and assure a full contact of the specimen surface with the piston surface.   
e) Microstructure analysis To ascertain the microstructure of the BCPCs, the fracture surfaces were investigated by Field Emission Scanning Electron Microscopy (FE-SEM, Hitachi H-4100FE or FIB, Zeiss Neon40). The samples were mounted on the sample holder with carbon tape and a thin layer of colloidal silver (Electron Microscopy Sciences, 
12630) was applied on the side walls to improve conductivity, and the surface of samples was coated with Au/Pd by mean of Emitech K950X metal evaporator and then investigated.  
f) Specific surface area The SSA of the BCPCs was measured by Nitrogen adsorption (ASAP 2020, Micromeritics) at 77 K according to the BET method. The sample holder was filled 
with around 6-8 samples of BCPCs.   
 
g) Focus ion beam sectioning 
To ascertain the bulk microstructure of 0% and 80% β-TCP cements, Focus Ion Beam tomography (FIB, Zeiss Neon40) was performed. The preparation of the sample was the same as for microstructure analysis (section 3.3.3e). A 30 x 30 x 25 
μm parallelepiped (preparation shown in Figure 3.4), was coated with Au-Pd (in order to protect the surface) and cut in slices and FE-SEM pictures were taken in order to reconstruct the 3D material structure (Smart3D, Carl Zeiss).  
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Figure 3.4 – FIB cross sectioning sample preparation.  
h) Mercury Intrusion Porosimetry The porosity and pore entrance size distribution were measured by Mercury Intrusion Porosimetry (MIP, Autopore IV 9500, Micromeritics), using 5-6 samples (12 mm height x 6mm diameter).   
i) Ion release in water To measure Ca2+ release in water, set BCPC discs (2 mm height x 15 mm diameter) were prepared and introduced in 1.5 mL of MilliQ water. At different time points of 
2, 6, 10, 24, 48, and 72 h the samples were removed and the Calcium concentration in the media was analysed with an Ion-selective electrode (ILyte Na/K/Ca/pH, Instrumentation Laboratory). Three replicates of each formulation were prepared and measured at each time point.    
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j) Accelerated in vitro degradation test 
In vitro degradation of BCPCs was evaluated under accelerated conditions in acidic 
solution during 8 h (Hankermeyer, 2002; Sariibrahimoglu, 2012). Set discs (2 mm height x 15 mm diameter, which accounts for an apparent surface of 447 mm2) were prepared and dried in an oven at 120°C until constant weight. A control consisting of 100% β-TCP compacted discs was also evaluated, with the aim of assessing if the fact of using as-milled powders instead of hydrated ones had some effect on the dissolution rate of pure β-TCP. The compacted discs (2.7 mm height x 9 mm diameter) were prepared by compressing β-TCP powders (0.5 g) at 10 kN, for 10 s. To maintain a total apparent surface similar to the BCPC samples, two β-TCP compacted discs were used for each experiment (accounting for an apparent surface of 407 mm2). Each sample was introduced in 50 mL of a pH 2 aqueous solution (0.01M HCl and 0.14M NaCl) at 37°C. The medium was refreshed every hour and the specimens were weighted after carefully removing remaining droplets on the surface using a wet paper. The assay was performed in triplicate for 8 h. After the assay, samples were dried in the oven at 120°C until constant weight to calculate the weight loss.  Given the low pH of the solutions, the ion-selective electrode could not be used, and the concentration of calcium at each time point was obtained by reaction with ortho-cresolphthalein complexone (OCPC, Sigma-Aldrich) in alkaline solution to obtain a purple coloured solution (Sariibrahimoglu, 2012):                            (pH = 10.1±0.1)   Ca2+ + OCPC                                Ca–Cresolphthalein Complexone Complex     (3.3)     (clear color)                                                       (purple color) The Ca2+ concentration was measured by absorbance in a UV-VIS spectrometer at 
λmax = 570 nm (Infinite M200 Pro Microplate Reader, TECAN). The values were normalised to the initial sample weight.   52  
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3.3.4. Statistics Statistical differences were determined using one-way ANOVA with Tukey’s post-hoc test (95%) using Minitab software (Minitab Inc). Statistical significance was noted when p< 0.05.  
3.4. Results 
3.4.1. Powder characterisation 
a) Powder phase quantification The X-ray diffraction patterns of α-TCP and β-TCP powders are reported in Figure 3.5. It can be noticed that there are small impurities both in α-TCP and β-TCP. In  the 
β-TCP pattern, the α-TCP peak is not visible in the figure due to the proximity of the 
main peaks of α-TCP and β-TCP (Figure 3.5b). However, it was possible quantify it by Rietveld refinements, as reported in Table 3.1. 
   a) b) 
Figure 3.5- X-Ray diffraction pattern of a) α-TCP and b) β-TCP. 
Table 3.1- XRD data of the raw α-TCP and β-TCP powders. 
Phase  
Material 
% α –TCP % β –TCP % HA 
α –TCP  95 3 2 
β –TCP  2.4 97.5 0.1 
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However, in both reagents prepared (α-TCP and β-TCP) the amount of impurities was low and acceptable for subsequent work. 
 
b) Particle size distribution and specific surface area The particle size distributions of α-TCP and β-TCP are reported in Figure 3.6, and their main volume features, together with SSA, another important parameter of the reactant powders, are summarised in Table 3.2.  
  a) b) 
Figure 3.6 –Particle size distribution of: a) α-TCP and b) β-TCP.  
Table 3.2- Particle size distribution parameters in volume and Specific Surface Area of α-TCP and β-TCP 
reactant powders are showed. D10 means 10% of the powder particles are smaller than this value. D90 
means 90% of the powder particles are smaller than this value. 






α –TCP  0.684 3.855 15.05 0.975 ± 0.006 
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3.4.2. Biphasic calcium phosphate cement characterisation 
a) Cohesion and setting times The results obtained for the cohesion time, initial setting time and final setting time of BCPCs are given in Figure 3.7. All cements presented cohesion in water after a few minutes and, as shown in Figure 3.7, cohesion time increased by adding β-TCP, 
irrespective of the amount. The addition of a second phase (β-TCP) did not alter much the initial setting time but did substantially increase the final setting time. The 
100% β-TCP cement showed faster cohesion than the BCPCs but the final setting time was significantly higher. 
 
Figure 3.7- Cohesion time, initial setting time and final setting time of BCPCs composed of α-TCP and β-
TCP at different ratios at a L/P = 0.35 ml/g.  
b) Phase quantification in the BCPCs The XRD patterns of the starting BCPC powders and of the set cements after 7 days in Ringer’s solution at 37°C are shown in Figure 3.8 a) and b), respectively.  The evolution by the addition of β-TCP is reported. The addition of a second phase showed clearly the growth of the corresponding peaks. In the setting cements (Figure 3.8a) the α-TCP peaks are substituted by CDHA ones, reflecting the transformation process. 55  
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Figure 3.8- X-ray diffraction patterns of the starting powders (a) and the set cements (b) for the different 
BCPCs, with increasing contents of β-TCP. The set cements were obtained after 7 days reaction in 
Ringer’s solution at 37°C. The phase composition of the powder mixtures as determined by Rietveld refinement and of the BCPCs after setting, determined by the intensity of the peaks is summarised in Table 3.3. It can be observed that α-TCP was completely hydrolysed to an apatitic phase, more specifically a calcium deficient HA (CDHA) 
(Ginebra, 1997), whereas the amount of β-TCP remained nearly unchanged. 
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Table 3.3 - Phase composition of the reactants and set cements. The measured composition was 




Initial powders Set cements 
Measured composition 
(XRD/Rietveld refinement) * 
Measured composition 
(XRD/peak area method) 
Material % α-TCP % β-TCP % α-TCP % β-TCP % HA % α-TCP % β-TCP % HA 
0% β 100 0 94.9 2.9 2.2 0 3.7 96.3 
20% β 80 20 76.7 22.8 0.5 0 21.4 78.6 
40% β 60 40 54.8 44.6 0.6 1.5 37.4 61.1 
80% β 20 80 17.4 82.1 0.5 0 77.8 22.2 
100% β 0 100 2.4 97.5 0.1 0 99.5 0.5 
*Error ±1% 
 
c) Mechanical properties  The compressive strength of the different BCPCs is shown in Figure 3.9. A linear decrease can be observed in the compressive strength of the BCPC with the increase 
in β-TCP amount.   
 
Figure 3.9 - Compressive strength of BCPCs with different β-TCP %.  
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d) Total porosity and pore entrance size distribution The total porosity of BCPCs measured by mercury intrusion porosimetry (shown in Figure 3.10) slightly increased with growing amount of β-TCP.  
 
Figure 3.10 – Total porosity of BCPCs measured by mercury intrusion porosimetry. The pore size distribution of the BCPCs (Figure 3.11) was broad (between 6 nm – lower limit of the technique – and 3 mm for the 100% β-TCP composition). The 0% 
β-TCP showed a broad peak centred at around 0.01 μm, with a shoulder around 0.06 
μm. Incorporation and progressive percentage increase of β-TCP led to a 
displacement of the main peak to higher values (0.02 and 0.04 μm for 20% and 40% 
β-TCP respectively) with an intensification of the shoulder around 0.1 μm.  80% β-TCP showed a bimodal pore size distribution with maxima at 0.1 and 0.6 μm. The 
first peak was still present in the 100% β-TCP although with a lower population of 
pores, together with a sharper peak around 2 μm.  
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Figure 3.11- Entrance pore diameter of BCPCs measured by mercury intrusion porosimetry. 
 
e) Scanning electron microscopy and Specific Surface Area The surface morphology of the various BCPCs observed by FE-SEM is shown in Figure 3.12. The β-TCP particles were not exposed in any of the BCPCs, even those 
containing large amount (80%) of β-TCP (Figure 3.12e), as they were completely covered with CDHA precipitated crystals. However, a change in morphology of the crystals was observed. On the surface of BCPCs containing low amounts of β-TCP (up to 40%), predominantly plate-like crystals were found (Figure 3.12 a–c), some 
acicular crystals were found in the 60% β-TCP (Figure 3.12d), and most extensively 




Figure 3.12- Surface microstructure of BCPCs set for 7 days in Ringer’s solution: a) 0% β-TCP, b) 20% β-
TCP, c) 40% β-TCP, d) 60%, e) 80% β-TCP, f) 100% β-TCP. 
The addition of β-TCP resulted in a decrease of the SSA of the set cements (Figure 3.13), since it results from the contribution of both CDHA and β-TCP. This decrease was as a direct consequence of the lower SSA of the β-TCP particles compared to the precipitated CDHA crystals. This is compatible with the lower size of the CDHA crystals observed in Figure 3.12f.  Figure 3.13 reports the SSA both as measured and as calculated with the rule of mixtures. The data reveal that there was a drastic increase of the measured SSA of 
CDHA for the sample with 80% β-TCP, which was in accordance with the SEM images that showed an evolution of the microstructure from plate-like to needle-like crystals (Figure 3.12). 
 
Figure 3.13 – Specific Surface Area of BCPCs with different β-TCP 
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SSA of 100% β-TCP (Figure 3.13) is five times higher than the powder before setting (Table 3.2). This could be explained by Figure 3.14, where scanning electron micrographs of β-TCP powder (Figure 3.14a) and 100% β-TCP sample (Figure 3.14b) surface morphology are shown. The presence of small precipitated crystals on the surface of β-TCP, after 7 days immersion in Ringer’s, is consistent with the five-fold increase in SSA.  
 
Figure 3.14 - Surface microstructure of a) β-TCP powder and b) 100% β-TCP sample, immersed for 7 
days in Ringer’s solution. 
 
f) FIB cross-sectioning The cross-sections obtained by FIB tomography provided relevant information (Figure 3.15). In the 80% β-TCP sample (Figure 3.15a and b), CDHA crystals were observed to grow on the surface of the β-TCP particles, which were fully embedded 
in the cement matrix. In the 0% β-TCP no particles were observed (Figure 3.15c). Instead, dense shells with loosely packed cores were found, that reproduced the 




Figure 3.15- a) General view of a the FIB tomography of the 80% β-TCP cement; b) detail of the same 
specimen showing the β-TCP particles embedded in the CDHA crystals. c) FIB tomography of the 0% β-
TCP cement; d) the same image highlighting the Hadley grains formed after hydrolysis of the initial α-
TCP particles, with a dense shell and a core with bigger and loose crystals, where the size and 
morphology of the original particles can be estimated. All specimens were previously set for 7 days in 
Ringer’s solution.  
g) Ion release in water The release of calcium in deionised water by the different set BCPC formulations is represented in Figure 3.16. Despite the highest solubility of β-TCP compared to CDHA, Ca2+ release decreased when the amount of β-TCP in BCPCs increased. 
 
Figure 3.16 - Calcium release of different set BCPCs immersed in deionised water over 72 hours. The 
BCPCs were previously set for 7 days in Ringer’s solution at 37°C.  
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h) Accelerated in vitro degradation Accelerated acidic degradation was performed at pH = 2. Figure 3.17a shows the 
weight loss of the different BCPCs. Cements with no or low amount of β-TCP showed 
similar weight losses, while the 80% β-TCP had the lowest loss. The greatest weight loss was recorded for the cement containing 100% β-TCP and for the 100% β-TCP compacted discs. The related calcium release in acidic media (Figure 3.17 b) showed that all formulations released calcium, the concentration increasing linearly with time, and no significant differences were found among the various cements. Significantly higher amounts of Ca2+ release were registered only for the 100% β-TCP compacted discs. 
                             
                          
Figure 3.17- Acid degradation assay (8h, pH=2): a) Weight loss b) Ca2+ release normalised to the sample 
weight. BCPCs with different amounts of β-TCP, ranging from 0 to 100%, and a compacted β-TCP powder 
were analysed. The BCPCs were previously set for 7 days in Ringer’s solution at 37°C. Differences were 
considered statistically significant at p<0.05. Series with statistically significant differences are marked 
with different number of asterisks. 
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3.5. Discussion 
In this work biphasic CDHA/β-TCP cements were obtained by mixing two Tricalcium Phosphate (TCP) polymorphs with different solubility. The structure of α-TCP is less 
densely packed than β-TCP, and this difference in packing densities is consistent with thermodynamic considerations and with their stability temperature ranges. This provokes, in a physiological environment, the faster dissolution and degradation of α-TCP compared to β-TCP (Carrodeguas, 2011). In this Thesis α-
TCP and β-TCP powders were mixed in different proportions and allowed to set. In spite of the small differences in solubility (Chow, 2009), for the reason above mentioned, when the two polymorphs were mixed with an aqueous solution, only α-
TCP was completely hydrolysed to CDHA, whereas β-TCP remained unreacted (Figure 3.8, Table 3.3). This is probably due to the setting of these biphasic cements 
based on α-TCP and β-TCP follows, therefore, the following reaction.  
3α- Ca3(PO4)2 + 3β- Ca3(PO4)2 + H2O → Ca9HPO4(PO4)5OH + 3β- Ca3(PO4)2  (3.4) It was shown that β-TCP particles acted as nucleation points, and they became embedded in the CDHA matrix as the reaction progressed, as represented in Figure 
3.18.  
 
Figure 3.18 - Proposed dissolution-precipitation mechanisms involved in BCPCs cements prepared with 
α-TCP and β-TCP. In contact with water, only α-TCP starts dissolving, followed by CDHA precipitation 
around both α-TCP and β -TCP and subsequent crystal growth. 
When α-TCP and β-TCP are mixed with water or an aqueous solution, ions start to dissolve. Subsequently, they start to precipitate both on α-TCP and β-TCP particles and form crystals on their surface. Depending on the reaction speed and on the number of nucleation points, the microstructure obtained was either prevalently plate-like or needle-like. Therefore, this mechanism would explain the presence of smaller needle-like crystals in the composition containing 80% β-TCP (Figure 
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nucleation. After complete reaction, the β-TCP phase remained hidden in the 
structure, as evidenced by the FIB tomography for the 80% β-TCP sample (Figure 3.15a and b). In the 0% β-TCP the FIB tomography evidenced the presence of shell-
like structures formed during the hydration of the α-TCP particles (Figure 3.15c and d) (Ginebra, 1999; Espanol, 2010), which are analogous to the Hadley grains produced during hydration of Portland cement (Hadley, 1972; Kjellsen, 1996). The presence of small precipitated crystals observed by SEM in the 100% β-TCP sample (Figure 3.14b and f), consistent with the five-fold increase in SSA (Figure 3.13), which can be attributed to the hydrolysis of the small percentage of α-TCP in the initial powder (Table 3.3), and probably also to the dissolution and 
reprecipitation of the more external layer of the β-TCP particles, that were subjected to an amorphisation due to the milling, understood not in the sense of a new phase, but to the introduction of defects and dislocations in the crystal network, which increase their reactivity, as previously reported (Gbureck, 2003; Zhang, 1991; 
Lopez-Heredia, 2011; Montufar, 2013;  Bohner, 2009). In fact, although the formation of CDHA was not detected by XRD, presumably due to its small amount 
and low crystallinity, a narrowing and higher intensity of the β-TCP peaks was observed after 7 days immersion in Ringer’s solution (Figure 3.8), which can be attributed to the dissolution of the partially amorphised surface of the β-TCP particles, as reported in previous works (Montufar, 2013).  The addition of a non-reacting phase (β-TCP) modified significantly various cement parameters, albeit to different extents. In particular, initial setting times and cohesion were not greatly modified. However, the final setting times clearly 
increased with the addition of β-TCP, which was consistent with the limited reactivity of this phase. The fact that the 100% β-TCP cement showed also cohesion and an apparent setting, can be explained by the powder activation produced by ball milling, as discussed in the previous paragraph (Gbureck, 2003; Zhang, 1991; 
Lopez-Heredia, 2011; Montufar, 2013; Bohner, 2009), together with the 
presence of small amounts of α-TCP, which led to the partial dissolution of the particles, although limited to the most external surface.  
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The hardening mechanism of α-TCP-based cements is due to the entanglement of the precipitated CDHA crystals. Previous studies by Ginebra et al. (Ginebra, 1997) demonstrated a direct correlation between compressive strength and % of precipitated CDHA. Thus, the progressive reduction of compressive strength with 
higher β-TCP percentages in the BCPC (Figure 3.9a) can be related to the decreasing 
amount of CDHA with increasing β-TCP amounts, and therefore it can be concluded 
that the β-TCP particles embedded in the cements, rather than reinforcing the material, had a weakening effect.  
These results were obtained using small β-TCP particles, with the idea of favouring 
β-TCP dissolution. The properties of the non-reacting phase, like particle size, shape and surface texture are expected to have an effect on the properties of both freshly mixed and hardened cements, although this was beyond the scope of this study. This in fact has been extensively studied in the case of concrete, where a non-reactive phase (i.e. the aggregate), is embedded in the reacting matrix (i.e. the cement). Aggregate properties are known to affect workability and rheological properties of the paste and also the mechanical performance of the hardened paste (Illston, 
1979). Thus, the use of particles with different sizes has been shown to be more effective than monodisperse particles because of a higher packing efficiency. Bigger aggregate sizes result in higher fracture energy (Issa, 2000), and rough-textured, angular, and elongated particles require more water to produce workable pastes than smooth, rounded particles, this affecting also the final mechanical properties of the material (Illston, 1979; Issa, 2000).  
The addition of β-TCP also led to a decrease of SSA of the BCPCs, as a direct 
consequence of the lower SSA of the β-TCP particles compared to the precipitated CDHA crystals. This is compatible with the lower size of the CDHA crystals observed in Figure 3.12f. In fact, the total SSA of the material results from the contribution of 
two different phases, CDHA and β-TCP, following the rule of mixtures:      SSABCPC = XCDHA · SSACDHA + Xβ-TCP · SSAβ-TCP             (3.5)  
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Biphasic Calcium Phosphate Cements  where X is weight fraction of each of the components. Assuming that the cement was formed just by the two phases:                           XCDHA + Xβ-TCP = 1                                       (3.6)   If we assume that SSA of β-TCP is constant during the whole process (it suffers only a very limited surface dissolution), then we can estimate a calculated SSA of the CDHA:  SSACDHA = (SSABCPC – Xβ-TCP · SSAβ-TCP) / (1- Xβ-TCP)             (3.7)  As shown in Figure 3.13, there is a drastic increase of the estimated SSA of CDHA for 
the sample with 80% β-TCP, which is in accordance with the SEM images that show an evolution of the microstructure from plate-like to needle-like crystals (Figure 3.12).  
The porosity of BCPCs increased with growing amounts of β-TCP, as well as the entrance pore size (Figure 3.10 and Figure 3.11). Interestingly, a significant change in the MIP curves was found in the group with 80% β-TCP, which can be explained by the fact that in this material the reacting phase, which accounted for only 20% of 
the total, was unable to fill the large voids between the β-TCP particles, as shown in Figure 3.15a and b. The dissolution behaviour of the biphasic materials, which is relevant not only when considering the resorption behaviour of the material in vivo, but also the ion exchange patterns, which have been shown to affect several signalling pathways relevant for osteogenesis. In fact, it has been shown recently that Ca2+ plays an essential role in bone remodelling processes. High Ca2+ concentrations are shown to stimulate pre-osteoblast chemotaxis to the site of bone resorption, and their maturation into cells that produce new bone (Chai, 2011; Yamada, 1997). This has been hypothesised to be behind the osteoinductive properties of some BCP 
ceramics. Therefore, the effect of varying amounts of β-TCP on the release profile of 
calcium from the BCPCs was studied. After the setting reaction, biphasic CDHA/β-TCP materials were obtained. CDHA is more soluble than stoichiometric HA 
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(solubility at 25 °C, –log(Ks) =~ 85.1 as compared to 116.8 for HA) and less than β-TCP (solubility at 25 °C, –log(Ks) =  28.9) (Chow, 2009).   Surprisingly, Ca2+ release in water was higher in the set 0% β-TCP cement, 
consisting in pure CDHA, and decreased with increasing amounts of β-TCP in the 
material, i.e., when the CDHA/β-TCP ratio decreased (Figure 3.16). This result could 
seem to be in contradiction with the fact that CDHA is less soluble than β-TCP, and also with the behaviour found in BCP ceramics composed of HA/β-TCP, where the higher the ratio, the lower was the extent of dissolution (Legeros, 2003). This behaviour can be explained by two factors: i) β-TCP remained hidden within the CDHA matrix, which impaired the contact with surrounding media (Figure 3.15b, Figure 3.18), and ii) the decreasing SSA of the BCPC with increasing β-TCP content, 
due to the lower SSA of β-TCP compared to CDHA.  In general the solubility of calcium phosphates is strongly affected by pH, being more soluble in acidic environment (Yamada, 1997). This mechanism is exploited by osteoclasts, which trigger bone resorption by dissolving the hydroxyapatite contained in bone through the acidification of the extracellular fluids. In fact, Silver 
et al. found that a pH decrease of about 1 unit/min takes place in the sealed regions under the osteoclasts known as resorption lacunae (Silver, 1988). Following the model proposed by Hankermeyer et al., in here, the accelerated degradation of BCPCs was studied at pH = 2 (Hankermeyer, 2002).  The Ca2+ release in acidic medium was similar for all BCPCs, in spite of the different compositions (Figure 3.17). Again, even in acidic conditions the microstructure and the textural properties were more determining factors than the solubility of the different phases present in the material, as no differences were observed between the different BCPCs, and a 
higher weight loss was found only for the 100% β-TCP cement. Interestingly, even though the apparent surface was slightly smaller, significantly higher values of weight loss and Ca2+ release were recorded for the as-milled compacted β-TCP discs 
than for the 100% β-TCP cement. This can be associated to two different phenomena: i) the increase in powder reactivity in the as-milled powder, due to some degree of amorphisation of the surface of the particles produced during milling, understood not as the formation of a distinct amorphous phase, but to the introduction of defects in the crystal structure, which makes the particles more 
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2011; Montufar, 2013; Bohner, 2009); ii) the loss of reactivity of the β-TCP powder after being mixed with water, which induces dissolution of the amorphous fraction of the mechanically activated surface of the particles and subsequent reprecipitation, leading to the formation of a CDHA layer on the surface of the 
particles of the 100% β-TCP cement (Figure 3.14b). This layer, although very thin, hinders further dissolution of the particles (Bohner, 1997). Lopez-Heredia et al. (Lopez-Heredia, 2011) obtained calcium phosphate cements, 
containing α and β-TCP phases in dual form in the same granule. To this end, various 
thermal treatments were applied to α-TCP to obtain different degrees of conversion 
to β-TCP, so particles containing both polymorphs in different ratios were used as powder phase for the preparation of cements. Although their cement formulations were far more complex than the ones analysed in this study, since they contained other phases in addition to TCPs, such as anhydrous dicalcium phosphate and precipitated hydroxyapatite, similar trends were found in terms of the reduction of 
SSA and compressive strength with increasing content of β-TCP. No differences were 
found after 8 weeks in the in vivo behaviour when multiphasic cements containing 
either dual TCP phases or only α-TCP were implanted in tibial intramedullary cavities in guinea pigs. Although only one time-point was analysed that can be considered relatively short, these results are in good agreement with the lack of significant differences in the in vitro degradation or Ca2+ release among BCPC formulations found in the present study. However, a higher dissolution and Ca2+ release from the BCPCs in vitro, and a higher resorption rate in vivo, should not be excluded in longer-term studies, once the more soluble phase is exposed to the surrounding media.  
3.6. Conclusions 
Novel biphasic CDHA/β-TCP self-setting cements with a precise control of phase 
composition were successfully prepared by hydrolysis of a combination of α-TCP 
and β-TCP. Setting times increased by the addition of β-TCP, which was associated to the fact that the setting of the cement was caused by the transformation of α-TCP to 
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CDHA, whereas β-TCP remained unaltered. The final microstructure consisted of β-TCP particles embedded in the CDHA matrix. This complex microstructure, together with the decreasing SSA with increasing β-TCP content explains the fact that Ca2+ 
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Chapter 4 
Fibre reinforced calcium phosphate 
cements 
4.1 Introduction 
One of the major constraints of the mechanical performance of CPCs arises from the intrinsic brittleness derived from their composition and microstructure. CPC are in fact intrinsically porous ceramics, with porosities that vary between 20 and 50 % depending on the liquid to powder ratio used in their preparation.  With respect to the toughness of the material, the values reported in literature of the work of fracture of pristine CPCs are usually between 0.010 and 0.050 kJ/m2 
(Canal & Ginebra, 2011), far below the work of fracture of the bone which is in the range between 1.5 and 15 kJ/m2 (Currey & Butler, 1975). Although the bending strength values reported for CPCs, typically in the range of 5-15 MPa 
(Martin & Brown 1995; Ginebra, 2001), are in the range of trabecular bone (estimated between 10 and 20 MPa, Barinov, 2010), they are well below those of cortical bone, which Currey and Butler reported to be close to 200 MPa (Currey & 
Butler, 1975) and Barinov in the range between 50 and 150 MPa (Barinov, 
2010). A successful improvement of the mechanical properties would significantly extend the applicability of calcium phosphates. This improvement can be achieved by forming composite materials. In the past ten/fifteen years scientists tried to ameliorate mechanical properties by adding fibres to the CPC matrix and forming in this way fibre reinforced calcium phosphate cements (FRCPCs) (Canal & 
Ginebra, 2011; Krüger, 2012).  
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In cements intended for medical applications, specific requirements arise; on one hand, the fibres must be biocompatible. On the other hand, if the fibres are biodegradable, they can be used not only as reinforcement for the cement matrix but also as pore-generating agents. The rationale of such approach is to provide temporary reinforcement at the implant site and, subsequently to fibre degradation, to allow bone ingrowth into the macropores. Although CPCs are intrinsically porous, their inherent porosity is of submicron to a few microns of size, being too small for cell infiltration. The addition of fibres with faster resorption rate than the CPC matrix and with large diameter, would allow creating macropores to favour cell colonisation and blood vessel infiltration, and eventually fostering bone regeneration. Ideally, the loss of strength produced by fibre degradation should be compensated by the formation of new bone (Xu, 2001a; Xu, 
2001b; Xu, 2002; Xu, 2004).  Furthermore it is known that the behaviour of the interface fibres-matrix is the one which determines the first crack strength of the composite (Nelson, 2002). Thus, in most cases adhesion between the fibres and the CPC matrix is one of the main factors hampering an optimum mechanical reinforcement (Canal, 2011). A good adhesion would improve the mechanical properties of the composite.  
4.1.1 Bone: a strong composite material Most biological materials with predominantly mechanical function have a hierarchical structure consisting of several levels. In this way, tough materials are designed by nature, based on extremely different base materials. For example bone is a composite based on polymer-ceramic.  From a mechanical viewpoint, bone contains defects ranging in size from micrometres to millimetres as, for example, cavities for blood vessels (Havers and Volkmann channels) and a network of canaliculi connecting osteocytes. As a consequence, bone tissue must be flaw-insensitive not only at the nanoscopic but also the microscopic level (Peterlik, 
2006). A robust material design requires the abovementioned characteristic of being defect-insensitive both at nanoscopic and microscopic level. When the local strain energy exceeds a certain critical level it has to be effectively transferred into a large macroscopic volume, as micrometre-sized channels or lacunae are acting as 80  
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 stress concentrators. The toughening mechanisms identified in bone during the past years are several (Figure 4.1) and can be compared to similar phenomena in technical materials (such as ceramics, polymers or gels).  Bone mineral is a ceramic material and exhibits normal Hookean elastic behaviour (i.e. a linear stress-strain relationship). In contrast, collagen is a polymer that shows a J-shaped stress-strain curve where molecular uncoiling occurs with considerable deformation under low stress (Meyers, 2013). Thus, in the bone composite, the resulting behaviour is not Hookean. 
 
Figure 4.1 - The toughening mechanisms in bone. Different toughening mechanisms such as 
viscoplastic flow, microcracking, crack bridging and crack deflection were identified in bone. The 
shaded area visualises the highly stressed region in the vicinity of the crack tip (Peterlik, 2006).  As shown in Figure 4.1, different toughening mechanisms are involved in bone mechanics. As in polymers, the dissipation of energy to keep bone from fracture was attributed to viscoplastic ﬂow, with “sacriﬁcial bonds” in collagen needing time to re-form after pulling, which was correlated to the time needed for bone to recover its toughness (Peterlik, 2006). Deformation energy is dissipated by shearing of the thin “glue” layer between mineral-reinforced collagen ﬁbrils 81  
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(Gupta, 2005). The formation of microcracks in the vicinity of the main crack due to stress concentrations ahead of the crack tip was observed by laser scanning confocal microscopy in the frontal process zone (Vashishth, 2003). Furthermore, 
Crack deflection at weak interfaces, a toughening mechanism well known from composites, was attributed to the interlamellar boundaries and the cement lines 
(Liu, 1999). Finally, Crack bridging (a mechanism well known in ceramic fibre composites) by collagen fibres, was proposed to play a dominant role in enhancing the fracture properties of bone. It was shown that the crack-tip driving force was reduced by uncracked ligaments which span the crack wake (Nalla, 2004). These toughening mechanisms are strongly dependent on the orientation of the crack propagation: the fracture toughness of long bones is considerably lower if the crack propagates along the long axis of the bone rather than perpendicular to it. This strong anisotropy affects the fracture properties (Behiri, 1989) as well as the elastic moduli (Table 4.1) which, in compression, was found to decrease of more than 50% when tested transversally to collagen fibres direction instead of parallel to them (Bonfield, 1971). In effect, in long bones, anisotropy is a consequence of the preferential alignment of collagen fibrils together with platelet-shaped mineral crystals aligned along their axis (Martin, 1989). 
Table 4.1- Young’s moduli of the principal constituents of bone and of bone both in longitudinal and 
transverse direction. 
Material Young’s Modulus, E (GPa) 
Collagen (dry) 6 
Bone mineral (Hydroxyapatite) 80 
Cortical bone, longitudinal 11-21 
Cortical bone, transverse 5-13  Peterlik et al. (Peterlik, 2006) correlated the energy required to propagate the crack with the collagen fibre angle orientation, the main origin of the anisotropy, as shown in Figure 4.2.  They found that when the main crack propagated along the fibrils and the lamellae, the crack path was straight, typical of brittle fracture; on the contrary, as the main fracture crossed the collagen fibrils, the structure appeared heavily distorted, which is characteristic of the quasi-ductile fracture. Furthermore, they found that transition from brittle to quasi-ductile was at around 82  
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 50°. They found that the lamellar morphology of cortical bone seems a perfect design for a tough material, and the variation of fibril angles across the bone tissue increased the crack-extension energy per area, transported energy to a higher volume and led to more ductile fracture behaviour of bone tissue. 
 
Figure 4.2- Crack extension as a function of the collagen angle γ. a) The energy required for crack 
extension and b), the standard deviation of the crack path angle α. A significant jump for both 
parameters is observed at approximately 50˚. The authors calculated the standard deviation from the 
distribution of the crack path angles (obtained from digitised scanning electron microscopy images 
with a resolution of about 1 μm), which were overlaid with the digitised images from polarisation light 
microscopy, on which the ranges of constant collagen angles were identified (which are typically in the 
range of about 10 μm, but significantly larger, up to 100 μm, for specimens cut out in the longitudinal 
direction). Thus, a distribution of crack-path angles was obtained within each interval of 
approximately constant collagen angle, from which mean values and a standard deviation could be 




4.1.2 Mechanical properties of fibre reinforced inorganic 
cements Inorganic cements are brittle materials characterised by a sudden fracture without any significant preceding plastic deformation. Therefore, fracture deformation is small and the work necessary to induce failure is low. The addition of fibres to 
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form composites has the consequence that a brittle material can be used in structural applications (Kelly, 1970). 
a) Fracture behaviour of fibre reinforced cements The mechanical behaviour of fibre reinforced cements (FRCs) is a result of the complex interaction between both the matrix and the fibres which compound the composite and the constituents’ features. Contributions to the macroscopic behaviour come from the fibre strength and stiffness, the cementitious matrix toughness (which can be modified by additives, generally polymeric) and the mechanical interaction between fibres and matrix. Apart from material strength, two aspects are important in which the material classes show different behaviours: strain to failure and the area under the curves of load versus displacement, the latter being a measure for the energy necessary to yield material failure. The materials can be classified depending on the failure mode (Krüger, 2012), and both the strain to failure and the fracture energy increase with the following order: brittle < tension softening (quasi-brittle materials) < strain hardening (strictly 
pseudo strain hardening; highly ductile materials). Typical curves are reported in Figure 4.3. In contrast to pure brittle failure where the material has an immediate fracture into two or more pieces, fibre reinforced cementitious composites display a high amount of energy absorbed during fracture and the strain to failure is higher. 
Quasi-brittle composites show tension softening behaviour. Their peak load is associated with fracture of the matrix but fibre bridging in the single opening crack dissipates fracture energy and delays the fracture into pieces. Yet, when the peak load is reached, the composite can no longer carry substantial load. The highest ductility and therefore the most desirable behaviour for fibre reinforced composites is achieved with (pseudo) strain-hardening behaviour. After initial matrix cracking still more load can be borne and strain at peak load and strain to failure can be up to several percent. Substantial amount energy is dissipated in the fracture process due to the development of a network of multiple cracks (Aveston, 
1971; Li, 1995). 
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Figure 4.3 - Fracture of cement and composites. a) Typical stress-strain curves for brittle behaving CPC 
and FRCPC composites showing either quasi-brittle tension softening or strain hardening behaviour 
(Krüger, 2012). 
 The mechanisms underlying the fracture behaviours aforementioned are different. Upon applying flexural load on a brittle solid, stress increases until its intensity reaches a critical value leading to failure. Thus, in monolithic cements, there is a fast single crack propagation which causes catastrophic failure (Callister, 2009). In fibre reinforced cements with quasi-brittle behaviour, the linear elastic region ends with the first cracking of the matrix. What determines this first crack strength is the behaviour at the frontal process zone of the composite (Nelson, 2002). As the crack propagates, the material presents a softening. In the wake zone of a crack, interface debonding, frictional sliding (pull-out) and inclined angle effects for fibres that are not orthogonal to the crack plane lead to energy absorption (Li, 
1995; Li, 1996). On the other hand, in ductile composites, after the elastic region a loss of stiffness is observed but the composite can still carry substantial load. Multiple microcracks are formed whose number and density increase with increasing load until it reaches a saturation level which leads to failure. Indeed, strain hardening is preferred to tension softening. For this, it is necessary to have stiff fibres and appropriate interface matrix-fibres strength.    
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b) Effect of fibres on the elastic properties and strength of fibre 
reinforced cements The two main components of the FRCs are the matrix and the fibres. Different properties of the fibres affect the final performance of the composite, like their mechanical properties (Young’s modulus, strength and elongation to fracture), length and diameter (important for the aspect ratio), chemical composition, cytotoxicity, degradability and surface properties (functional groups, roughness). The aspect ratio of the fibres (diameter/length) determines, for the same amount of fibres, the total surface of the fibre in contact with the matrix, and this is important because the higher the surface in contact, the greater the load transfer.   Although there are different possible disposition of fibres in the matrix, most biomedical composites are reinforced by discontinuous fibres. In the case of randomly distributed fibres, Young modulus Ec (Equation 4.1) and stress 𝜎𝑐 (Equation 4.2) of the composite can be described by the following equations:  
𝐸𝑐 =  𝜙𝑖 · 𝐸𝑓 · 𝑉𝑓 + 𝐸𝑚 · 𝑉𝑚                                                    (4.1) And: 
𝜎𝑐 =  𝜙𝑖 · 𝜎𝑓 · 𝑉𝑓 + 𝜎𝑚 · 𝑉𝑚                                                      (4.2) 
Where 𝑉𝑓 and 𝑉𝑚 are volume fractions of the fibres and the matrix, respectively. Elastic moduli of fibres and matrix are denoted by 𝐸𝑓 and 𝐸𝑚 respectively, and 𝜎𝑓 and 𝜎𝑚 are the corresponding tensile strengths. The composite efficiency factor (𝜙𝑖) accounts for the reduction in composite mechanical property values due to such factors as fibre length, orientation, defects and fibre-fibre interaction. If the fibres are continuous, aligned, and parallel to the direction of the applied load, 
𝜙𝑖 = 1 (Beaudoin, 1990). As aforementioned, for strengthening purposes, it is important to have a good load transfer from the matrix to the fibres, through their interface. The load is transferred at the lateral surface of the fibres while the transfer via the end faces is 
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 negligible (Callister, 2009). This means that for fibres of an insufficient length, the lateral surface is so small that the transferable load is below the strength of the fibre. Thus, pull-out occurs before the fibre fracture and the strengthening capability of the fibre is not fully utilised (Rösler, 2006). In order to maximise the reinforcement given by the fibres, the parameter which can help selecting the length of the fibres is the critical length (lc). It is remarkable that the critical length depends on the diameter of the fibre (df):  
𝑙𝑐 = 𝑑𝑓𝜎𝑓,𝐵2𝜏𝑖                                                            (4.3)  Where 𝜎𝑓,𝐵 is the fracture strength of the fibre, while 𝜏𝑖 is the shear stress at the interface.  If the fibre is shorter than lc, the fibre is pulled out without rupture and without reaching the maximum stress bearable (Figure 4.4). For aligned fibre-reinforced composite systems, it has been reported that the optimal fibre length should be close but not more than twice the critical fibre length to ensure that all fibres are pulled out with the maximum amount of frictional work and yet not rupture (Li VC, 
1991). Figure 4.4 reports the stress distribution along the fibre in the cases of: l < lc, l = lc and l > lc. 
 
Figure 4.4 –Stress distribution in the fibre along its axis for fibres a) shorter, b) equal and c) longer 
than the critical length lc (Krüger, 2012) As bone, composite materials show anisotropy; in random distributed fibres the orientation distribution of the fibres is likely to be biased, and not in an ideal 87  
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random or aligned state, due, for example, to handling factors (i.e: mixing or moulding of the paste). The final orientation of the fibres determines the toughness of the material (Jain, 1992).  Another important factor is the amount of fibres in the composite. In civil engineering materials the amount is usually low, due to the fact that fibre contents greater than 2-3 v/v % result in poor workability and more aggregation of the fibres in the material (Li, 2003; Li 1997). Regarding the biomedical field, many studies use higher amounts of fibres. Moderate load transfer due to non-optimised interface strength and low modulus of the fibres require a higher volume fraction of fibres (Krüger, 2012).   
c) Evaluation of mechanical properties In order to characterise the mechanical properties of composites, different tests have been performed over the years. These methods include uniaxial compression, diametral compression, three- and four- points bending and biaxial flexure (ring-on-ring). Compression seems to be not the most appropriate method to characterise the mechanical properties of composite materials. The same is valid for diametral compression testing; this test would apply only to a perfectly brittle material 
(Krüger, 2012) and evidently FRCPCs do not belong to this type of materials. Thus, bending testing is a common testing method which seems to be appropriated. Bending tests can be performed by either three- or four- point bending depending on the number of pins where the load is applied. Figure 4.5 represents schematically the two set-ups and how the load is distributed in the case of three-point (Figure 4.5a) or four-point (Figure 4.5b) bending tests.    
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  a) b) 
  c) d) 
Figure 4.5 - Schematic representation of a) three-point and b) four-point bending test set-ups. Bending 
moment (M) and Shear force (Fs) diagrams in c) three-point and d) four-point bending test. In this thesis, three-point bending tests were employed. The elastic modulus (E), bending strength (BS) and the work of fracture (WOF) of the new composites for three-point bending tests were calculated using the following formulae (ASTM 
C1161 - 02c(reapproved 2008): 
𝐸 = 𝑃𝐿34𝑤𝑡3𝑦                                                         (4.4)   
BS = 3PL2wt2                                                          (4.5)  
                              WOF = Area curve load vs displacement2wt                            (4.6)  Where P = load, L = span, w = width of the sample, t = thickness of the sample and y= deflection at the load point. 
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The area under the load-displacement curve divided by twice the sample section, called “work of fracture”(Tattersall & Tappin, 1966), is an appropriate term for defining the toughness of a brittle or quasi-brittle material (Krüger, 2012). Notwithstanding, it is important to take into account that it is difficult to compare data with the literature for different reasons: 1) Different arbitrary deflection values are in use (generally ranging between 2 and 3.5 mm) and at this deflection point samples are usually not yet broken apart.  2) Elastic deformation energy interferes with the work of fracture.  3) In the case of branched cracks the fracture area is greater than the nominal sample cross section and is not known.  4) Some people notch the samples before testing. In such cases the work of fracture may differ by a factor of four (Guinea, 1992).  Therefore, the assumptions done are several, which make difficult the comparison of the different data.  
4.1.3 Fibre reinforced calcium phosphate cements In the past few years different materials have been used as reinforcement of CPCs, forming the so-called fibre reinforced CPCs (FRCPCs). FRCPCs can be classified depending on different features. One classification is related to the biodegradability of the fibres. In this respect, the materials can be distinguished between composites reinforced with non-resorbable or resorbable fibres (Canal, 
2011). Belonging to the first category there are the cements reinforced with several polyamides and ceramic fibres, while in the second category FRCPCs evaluated contained mainly different polyesters (such as poly lactic acid (PLA), poly glycolic acid (PGA), their mixtures (PLGA) and poly caprolactone (PCL)).  Another possible classification is related to the way the fibres are embedded in the CPC matrix (which is also relevant for the contribution to the mechanical properties). In the literature regarding FRCPCs, fibres have been mixed within the cements using different structures of the fibrous materials, which are reported in Figure 4.6 (Canal, 2011). The fibres can be either randomly distributed (Figure 90  
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 4.6a, 4.6b, 4.6c) or aligned (Figure 4.6e), or can be knitted or woven in meshes (Figure 4.6d).  
 
Figure 4.6 - Possible disposition of fibrous materials in calcium phosphate cement composites: a) short 
fibres or yarns randomly distributed, b) long fibres or yarns as random bundle, c) cut random bundle 
of long fibres, d) knitted structures as for instance meshes, e) oriented yarns (Canal, 2011).   As summarised in Table 4.2, many FRCPCs have been developed in the past 15 years. Nevertheless, the matrices of FRCPCs are mainly based on apatitic cements obtained by mixing cement blends with water or aqueous solutions; an apatitic pre-mixed cement has been used (Xu, 2007a) as well as a brushitic cement (Gorst, 
2006). Non resorbable fibres with diameters ranging from the nanoscale (Wang, 2007; 
Low, 2011; Chew, 2011) to the microscale have been used (Xu, 2000; Xu, 2001a; 
Xu, 2001b), and generally caused an increase (Xu, 2000) or maintained the elastic modulus but improved both the flexural strength and WOF (in the studies where it was measured (Xu, 2001b)). Investigation on resorbable fibres and yarns has been robust. Many works have dealt with randomly distributed PLGA yarns of 322 μm diameter. Their length varied between 3 and 75 mm, with 8 mm as the most used (Xu & Quinn, 2002; Xu 
& Simon, 2004, Burguera, 2005) and volume percentages varying between 1.9 and 60 v/v % (Canal & Ginebra, 2011). An increase of the fibre amount reverted in an increase of the WOF, up to a certain amount. In fact it was found that a too high amount of fibres caused a decrease of elastic modulus and bending strength 
(Xu, 2000; Pan, 2007; Zuo, 2010). This means that the amount of fibres should 
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be optimised since a high amount of fibres not only impairs good workability of the paste but also reverts in poorer mechanical properties.   The addition of additives in the cement matrix such as chitosan lactate caused an increase of both bending strength and WOF (Zhang & Xu, 2005).  The further addition of mannitol (a porogen) allowed obtaining macroporous FRCPCs (Xu, 
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4.1.4 Polymeric additives used in this Thesis 
Polymeric additives have been used in CPCs for several years (Dorozhkin SV, 2009; 
Neumann, 2006; Low, 2010, Perez, 2012). These polymers in most cases present biodegradability. They can be used both in the matrix (solubilised in the liquid phase) or as particles and fibres. The first strategy to increase the mechanical properties of CPCs and develop FRCPCs consists in using a common polymer in the matrix (as additive in the liquid phase) and in the fibres. A critical parameter that controls the reinforcing efficiency of fibre-reinforced composites is the interfacial bonding between the fibre and the matrix (Krüger, 2012). However, little attention has been paid to this issue in fibre-reinforced calcium phosphate cements. The hypothesis is that the common element should enhance the bonding.  The additives used in this thesis are following described. 
a) Chitosan, its derivatives and β-Glycerol Phosphate Chitosan is a linear aminopolysaccharide of glucosamine and N-acetylglucosamine units (reported in Figure 4.7) and it is obtained by partial alkaline deacetylation of chitin, the first polysaccharide identified by man (Braconnot, 1811). Chitin is extracted from the exoskeleton of crustaceans such as shrimps and crabs, as well from the cell walls of some fungi (No, 1997). The following major characteristics of chitosan make this polymer advantageous for numerous applications (Badawy, 
2011): i) it has a defined chemical structure; ii) it can be modified both chemically and enzymatically; iii) it is functional both physically and biologically; iv) it is biodegradable and biocompatible; v) it can be processed into several products including flakes, fine powders, beads, membranes, sponges, fibres, and gels. 
 
Figure 4.7- Chitosan chemical structure (da Silva, 2010). 97  
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 Owing to its high biodegradability, low toxicity, and antimicrobial properties, chitosan is widely-used as an antimicrobial agent either alone or blended with other natural polymers. Furthermore, chitosan has shown an excellent combination of properties and it has been demonstrated that it is a suitable biomaterial for the development of scaffolds for bone tissue engineering (Costa-Pinto, 2008). In this thesis chitosan fibres are used as reinforcing agents, and TriMethyl Chitosan (TMC) an additive in the liquid phase.  Figure 4.8 shows the chemical formula of TMC, which is the product of the quaternisation of chitosan and becomes a gel when mixed with water. TMC’s synthesis is based on the method developed by Domard and coworkers (Domard, 
1986). TMC has been shown to have mucoadhesive properties above a certain degree of quaternisation (Thanou, 2001). The quaternisation process decreases the cytotoxicity, improves both aqueous solubility at physiological pH and positive charge (Handbook of chitosan research and applications). Cytotoxicity seems to be dependent on the molecular weight of the TMC: the higher the molecular weight, the higher the cytotoxicity.  
 
Figure 4.8- TryMethil Chitosan chemical structure (da Silva, 2010). Another additive investigated in this chapter, due to its ability to crosslink chitosan, 
is β-Glycerol phosphate (GP, chemical formula reported in Figure 4.9). GP has already been used as additive in calcium phosphate cements with a totally different rationale: to improve paste injectability (Leroux, 1999).   
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Figure 4.9- β-Glycerol phosphate chemical structure. This molecule is of interest in this work, because it is a salt that, when mixed in solution with chitosan, is able to transform a simple solution into a reversible hydrogel upon pH and/or temperature variation (Chenite, 2001). Figure 4.10 shows a schematic image of TMC/GP hydrogel formation via electrostatic crosslinking between amine cationic groups of the TMC chains and the phosphate anionic groups of the GP.  
 
Figure 4.10 –Schematic image of TMC/GP hydrogel formation via electrostatic crosslinking between 
amine cationic groups of the TMC chains and the phosphate anionic groups of GP. Chitosan and chitosan derivatives have been used in CPCs to improve their properties. As previously mentioned, chitosan lactate (a water-soluble chitosan salt containing the lactate counter-ion) has been widely used as additive in the liquid phase of CPC (Zhang & Xu, 2005; Zhao, 2010a, Zhao, 2010b; Weir & Xu, 2010; 
Xu, 2007b), improving rheological and biological properties of the cement paste. It is important to specify that all these works have employed chitosan lactate instead of pure chitosan (Dash, 2011), while the fibres used as reinforcement in such composites were always Vicryl® suture yarns, a PLA-PGA copolymer which 
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 maintains its mechanical properties for around 4 weeks and shows complete reabsorption in 56-70 days and (Xu & Quinn, 2004).  To our knowledge there is just one group who has worked with chitosan fibres for reinforcing CPCs (work described in section 4.1.3). Recently the same group prepared FRCPCs based on TTCP:DCPA and reinforced with chitosan fibres either plain or RGD-functionalised aiming at improving both mechanical properties and cellular response (Wu, 2014). 
 
b) Lactic acid and poly(lactic acid) Lactic acid (LA, CH3-CHOH-COOH) is a natural compound involved in cell metabolism. In animals, lactic acid is a metabolic compound produced by proliferating cells and during anaerobic conditions such as strenuous exercise. There are two enantiomers of LA (L-LA and D-LA) depending on the stereometry of the methyl group. Furthermore, LA is the monomer of the polymer called Poly-lactic acid (PLA). The chemical formulae of both compounds are illustrated in Figure 4.11.  
 
Figure 4.11- Chemical formulae of (left) the monomer Lactic acid and (right) its polymer, Poly (lactic 
acid). Poly-L-lactic acid (PLLA) has a semi crystalline structure which reverts in high tensile strength, elongation, and modulus, properties that make it more suitable for load bearing applications (Sabir, 2009) than Poly-D-lactic acid (PDLA). Moreover PLLA was FDA approved in 1971 for the development of an improved suture over the ones already on the market marketed as, i.e. DEXONs (Thomas, 2013). The biodegradability of PLLA depends on its molecular weight, and it has been reported 
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 that high molecular weight PLLA can take between 2 and 5.6 years for total resorption in vivo (Middleton & Tipton, 2000; Bergsma, 1995).  To our knowledge, LA was used as additive of CPC (Leroux, 1999), with the aim of improving the injectability. After temporary transformation of the Cementek1 initial powders to brushite, the cement transformed into HA. As reflected in Table 4.2, extensive work has been performed regarding the use of PLA/PGA copolymer, which is more resorbable and has lower mechanical properties than PLLA. Electrospun PLLA was used as reinforcing agents in apatitic cements (Zuo, 2010).  
4.1.5 Low temperature plasma in fibre reinforced cements 
Another strategy that is explored in this thesis to improve the interfacial fibre/matrix strength in FRCPCs is the modification of the fibre surface by low temperature plasma, hereinafter plasma. Plasma can be defined as a particular state of a gas or mixture of gases containing a mixture of ions, free radicals, electrons, excited molecules, UV and visible radiation that preserves electrical neutrality. This reactive medium can modify the first nanometres of the surface of the material without altering its bulk properties. Roughly, the three main effects of plasmas on the surface of a material are: i) functionalisation or grafting (covalent bonding of new chemical species); ii) etching (removal of surface material); and iii) thin film deposition (deposition of thin layers). In the past decade, the use of non-thermal plasmas for selective surface modification of biodegradable polymers has been a rapidly growing research field, with many works concerning the treatment of PLA films (Morent, 2010). Plasmas allow selection of the treatment gas and have the advantage of controlled conditions leading to highly reproducible results.  In the literature there are few examples of successful surface plasma modification of fibre reinforced concrete (Li, 1996), that show that plasma treatment of the fibres can be used as a method to modify the chemical and frictional bonds between the PLLA fibres and the cement matrix. Up to now, limited efforts have been made towards improving wettability of the fibres in fibre-reinforced CPCs. It is expected 
1  Cementek is a commercial blend of α-TCP, Tetra calcium phosphate and sodium glycerol Phosphate. 101  
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 that, given that the matrix is a hydraulic paste, improving the wettability of the fibres will have an effect on the matrix/fibre contact, and therefore in the final performance of the composite; in particular by improving the elastic modulus, flexural strength and work of fracture with respect to untreated PLLA-CPC composites.  
4.2 Objectives 
The objective of this chapter is the development of FRCPCs with enhanced mechanical properties. Two strategies are proposed: 1. Addition of polymeric additives in the liquid phase of the cement with high affinity to the fibres used as reinforcement. The aim is to create better chemical interactions which would revert in higher toughness.  2. Use of plasma to modify Poly-Lactic acid (PLLA) yarns surface, increasing their wettability in order to generate stronger fibre-matrix adhesion and obtaining tougher FRCPCs.  
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4.3 Calcium phosphate cements reinforced with fibres 
and polymeric additives 
4.3.1  Introduction: Experimental design 
In this section the strategy adopted consists in dissolving in the liquid phase either the polymer or the monomer of the fibres selected for reinforcement in order to increase the adhesion between the fibre and the matrix. Two strategies are undertaken: i) Chitosan fibres and TMC in the liquid phase of the cement, and ii) PLLA fibres and LA in the liquid phase of the cement. The liquid to powder ratio (L/P), fibre amount and length of the fibres were optimised in each formulation studied, to ensure a good workability of the paste.  
4.3.2 Materials and methods 
a) Materials 
a.1. Solid and liquid phases 
α-TCP powders were obtained as described in section 3.3.1. 2 wt% of precipitated hydroxyapatite (Alco) was added as a seed in the powder.  
 Chitosan - reinforced cements Three liquid phases were explored for the cements containing chitosan. Aqueous solutions based on TMC (Kytozyme, Belgium) and β-Glycerol Phosphate (GP, Sigma Aldrich) were used as follows: Solution 1: water Solution 2: TMC: 1 w/v % TMC in water. Solution 3: TMC-GP: 1 ml of solution 2 (1 w/v % of TMC) mixed with 0.714 ml of 60 w/v% GP aqueous solution, with pH adjustment down to 7.5 (according to Kitozyme, Belgium).   103  
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 PLLA - reinforced cements The liquid phase for cements containing PLLA fibres was an aqueous solution containing 10 v/v% Eur Ph approved LA (Fluka; MW = 90.08 g/mol). Water was used as control. 
a.2. Fibres The characteristics of the fibres used are summarised in Table 4.3 and Figure 4.12. 100% highly purified chitosan microfibres and films were used β-sterilised (11 kGy) (Medovent GmbH, Meinz, Germany). Their degree of acetylation was 2%. The diameter of chitosan fibres used as reinforcement in CPCs was 200 μm ± 10 μm. Fibres were cut to 8 mm length prior to mixing with the powder phase of the cements. Chitosan films (thickness: 0.05 mm) were used as a model flat surface for characterising the contact angle.  Partially oriented PLA multifilament of 213.9 dtex/68, false-twist textured at 150°C and 29% cristallinity (kindly supplied by ANTEX, Spain) (as characterised in 
(Manich, 2010)) was employed as resorbable reinforcing agent. The polymer used is polylactide for ﬁbres with a proportion of D/L lactide 1.4/98.6 (hereinafter named 
PLLA).  The yarns have a breaking stress σB = 795 MPa and a strain at break is εB = 35.73% (Manich, 2011). Before use, the fibres were accurately washed according to ISO 105-C06 using ECE colour detergent (Testgewebe GmbH, 88030) in a concentration of 5 g/l and then rinsed 5 times with distilled water.  PLLA films (Goodfellow, UK), biaxially oriented, with 37% crystallinity and thickness of 0.05 mm, were employed as model surface for the determination of contact angle.  
Table 4.3 – Fibres or yarns characteristics. 
Type of fibres 
or yarns 






Cylindrical smooth  
(200 ± 10) 
μm 
471 ± 13 MPa 
PLLA yarns 98% PLLA 
68 false-twist 
fibres (fibre 
diameter ≈ 17 μm) 
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b) Cement preparation Calcium phosphate cements (CPCs) reinforced with chitosan fibres, were prepared 
by mixing the α-TCP powder, with the liquid phase at L/P = 0.35 ml/g.  The optimised FRCPCs containing PLLA fibres were produced with 10 % LA at L/P = 0.40 ml/g. Fibre Reinforced CPCs (FRCPCs) were produced in the same way of pristine cements but with the addition of different amounts (4, 8 and 12 wt%) of staple chitosan 8 mm long fibres in the case of TMC or 2 wt% of PLLA yarns cut either 4 mm or 8 mm long in the case of LA. In both cases the reinforcing agents were previously randomly mixed in the powder phase in order to obtain the configuration reported in Figure 4.12. 
 
Figure 4.12- Scanning Electron Micrograph of a chitosan fibre (top-left) and a PLLA yarn (bottom-left) 




Table 4.4 – Samples tested: the samples are given a reference depending on the liquid phase, fibre 
content and “s” (short) is specified for shorter fibres. All cements are based on 98% α-TCP+ 2% pHA. 
 
Reference Liquid phase 
L/P 
(ml/g) 




C35 H2O 0.35 - - 
TMC 1 wt% TMC in H2O 0.35 - - 
TMC-GP TMC-GP solution 0.35 - - 
C-f8 H2O 0.35 8 8 
TMC-f4 1 wt% TMC in H2O 0.35 4 8 
TMC-f8 1 wt% TMC in H2O 0.35 8 8 
TMC-f12 1 wt% TMC in H2O 0.35 12 8 
LA 
C40 H2O 0.40 0 - 
LA 10 v/v% LA in H2O 0.40 0 - 
C-f2 H2O 0.40 2 8 
C-f2s H2O 0.40 2 4 
LA-f2 10 v/v% LA in H2O 0.40 2 8 
LA-f2s 10 v/v% LA in H2O 0.40 2 4 
 
c) Cement characterisation In this section the different characterisation techniques used on calcium phosphate cements are described.  
c.1. Phase quantification Phase composition of TMC cements was measured by X-ray powder diffraction (XRD) as in section 3.3.2.c). Phase composition of LA cements was assessed by XRD (Bruker D8 Advance) by scanning in Bragg-Brentano geometry using CuKα1 
radiation (λ=1.5406 Å), with detector PSD Lynx-eye. The experimental conditions 
used were: 2θ scan step of 0.017 ° and scan range between 5 ° and 75 °. X-ray generator parameters: voltage 40 kV and intensity 40 mA. The diffraction patterns 
were compared with the Joint Committee on Powder Diffraction Standards for α-TCP (JCPDS No. 9–348), β-TCP (JCPDS No. 9–169) and HA (JCPDS No. 9–432) 
(JCPDS, 1991). The cement phase was calculated with a semi-quantitative analysis, 
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 performed on base of the patterns’ relative heights and of their I/Ic values4.2 (method described in annex I, introduced by (Chung, 1974)). 
c.2. Cohesion, initial and final setting time The cohesion, initial and final setting times were determined as described in section 3.3.3.c). 
c.3. Specific surface area The SSA was measured by Nitrogen adsorption at 77 K according to the BET method. The sample holder was filled with the maximum number of samples (5-6 cylinders 
6mm Φ x 12 mm height). The degasification of CPCs was performed at 60 °C in order to avoid polymer degradation which would have affected the final result.  
c.4. Setting pH 
Setting pH of the mixture of α-TCP powders with MilliQ water or 1% TMC solution, was measured by means of a multimeter (Multimeter Crison MM41, software ComLab EASY v 1.0) for 72 hours, at 37°C and at a L/P ratio of 200 ml/g (Ginebra, 
1996). In the case of 10 v/v% LA solution, pH was recorded for 3 hours (due to fast equilibrium reached) and both at L/P = 200 ml/g and L/P = 20 ml/g. The data were taken at a rate of 20 points/min for the first 10 minutes and 6 points/h for the following hours.  
c.5. Contact angle The contact angle was determined in chitosan and PLLA films with an Oca15+ contact angle meter (Dataphysics) connected to a CCD. In the case of pure chitosan films using either water or 1 % TMC aqueous solution as wetting liquid; in the case of PLLA films, using either water or 10 v/v% LA solution . Five replicates of each sample were measured and contact angles were calculated using the software SCA20.   
4.2 I/Ic= peak intensity referenced to a single standard (corundum (α-alumina) in this case) 107  
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c.6. Compression test The compressive strength of the samples was evaluated in cylindrical specimens (12mm height x 6mm diameter) at a cross-head speed of 1 mm/min using a Servohydraulic Testing Machine MTS BIONIX 358. At least six replicates were tested for each cement formulation. The material was tested in wet conditions and the specimens were previously flattened through manual polishing in order to obtain parallel surfaces and assure a full contact of the specimen surface with the piston surface. A 2.5 kN load cell was used for the experiment. 
c.7. Three-point bending test Three-point bending tests were performed using sample bars (Length x width x height: 50 x 4 x 3 mm3, span 40 mm, Figure 4.13) following the ASTM c1161-02c 
(ASTM C1161 - 02c (2008)) using Universal Servohydraulic Testing Machine BIONIX 358 MTS equipped with a load cell of 2.5 kN. 
  
Figure 4.13- Three-point bending test scheme and test. The elastic modulus (E), bending strength (BS) and the work of fracture (WOF) of the new composites were evaluated. The properties were calculated following the equations (4.4), (4.5), (4.6) which have been previously presented (paragraph 4.1.2c) and are reported below for the sake of clarity: 
                                                              E = PL34wt3y                                              (4.4)    
                                                              BS = 3PL2wt2                                              (4.5)                                        WOF = Area curve load vs deflection2wt                   (4.6)  
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 Where P = load, L = span, w = width of the sample, t = thickness of the sample and y= deflection at the load point. The deflection considered for calculating the WOF was 3mm. 
c.8. Scanning Electron Microscopy To ascertain the microstructure in the fracture surface of the CPC matrices or of FRCPCs, the materials were imaged by Field Emission Scanning Electron Microscopy (FE-SEM, Hitachi H-4100FE or FIB, Zeiss Neon40). Prior to observation the samples were stuck with carbon tape to the sample holder and a thin layer of colloidal silver (Electron Microscopy Sciences, 12630) was put on the side walls to improve conductivity, which is low in ceramic materials. Finally, the surface of samples was coated with Au/Pd by means of Emitech K950X metal evaporator and then investigated. 


























4.3.3  Results 
a) Effects of polymer additives to the matrix of CPCs In a first stage the matrix composition was optimised. Different CPCs were prepared containing either TMC or TMC-GP hydrogels and properties were characterised. 
a.1. Setting pH The solution used as liquid phase in the preparation of CPCs affects the reaction of α-TCP. In order to follow the evolution in the first setting hours, the pH was recorded for the control cement with water (C), the TMC cement (TMC) and the cement with lactic acid (LA) (the latter at two different L/P). Figure 4.14a shows that in C, the pH increased immediately after the addition of α-TCP to water up to a value around 9.2 and then gradually decreased until it stabilises at a pH around 7 after 36 h (blue curve). Differently, the pH of TMC increased gradually (orange curve) up to a pH around 7, when it stabilised. Figure 4.14b shows again the evolution of pH of α-TCP mixed with water4.3 or that of LA during the first hours of setting. Setting pH was measured at a L/P = 200 ml/g, up to 3 hours. In case of 10% LA, due to the low pH of the initial solution (around 1.3) and the high L/P, α-TCP was immediately dissolved as shown by the clear solution (Figure 4.14c) and the increase in pH was minimum (Figure 4.14b). Thus, the L/P was increased 10 fold (L/P = 20 ml/mg) for 10% LA and the pH of the liquid phase rapidly increased up to pH = 3 when α-TCP was added.  It can thus be expected that the pH during setting of the cements at L/P = 0.40 ml/g is higher but still in the acidic range. 
4.3 Note that the both the pH scale and the time-scale are different. 110  
                                                        




 b)  c) 
Figure 4.14 - a) Setting pH of α-TCP mixed with water or 1 wt% TMC solution (TMC) at a L/P = 200 for 
72h; b) setting pH of α-TCP mixed with water (C) at  L/P=200 ml/g or with Lactic acid (LA) at  L/P=200 
ml/g or L/P=20 ml/g for 3 h; c) a picture of the solutions of α-TCP in 10% LA.  





Figure 4.15- Cohesion time (C-T), initial setting time (I-T) and final setting time (F-T) of cements 
composed of α-TCP mixed with different liquid phases at L/P = 0.35 ml/g. Groups indicated with the 
same symbol do not have statistically significant differences ($, #, & for  I-T; *,** for F-T: p>0.05).  
a.3. Phase quantification The XRD patterns of the starting powders and of the cements with 1 wt % TMC aqueous solution (TMC) as liquid phase at L/P = 0.35 ml/g or 10 v/v% LA in the liquid phase at L/P = 0.40 ml/g, after 7 days setting in Ringer’s solution at 37°C are shown in Figure 4.16. The quantification of the different phases is shown in Table 4.5, where it can be remarked that the conversion into CDHA after 7 days was incomplete both in TMC and in LA cements, differently from the control C35. However, the amount of CDHA is higher in TMC than in LA cements, where some β-TCP was detected. Although α-TCP in LA solution had a low pH (Figure 4.14b), no brushite was detected at day 7.  
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Figure 4.16- From top to bottom, DRX spectra of: the initial α-TCP powders; C35, the control cement at 
L/P = 0.35 ml/g; TMC, cement at L/P= 0.35 ml/g with TMC in the liquid phase and of the LA, cement at 
L/P = 0.40 ml/g; all cements were allowed to set for 7 days in Ringer’s. 
Table 4.5 - XRD data of the raw powder and of the material containing TMC in the liquid phase. 
 
                    Phase (%) 
  Material   




α-TCP 97 3 0 * 
Set 
cements 
C35 0 3.7 96.3 ** 
TMC 6.2 1.8 92.0 ** 
LA 6.9 6.4 86.7 ** 





a.4. Specific surface area The different liquid phases also led to changes in the microstructure, as revealed by changes in the SSA shown in Table 4.6. The C35 sample (control CPC with a L/P = 0.35 ml/g) had a SSA of 13.6 m2/g while when 1% TMC was introduced as liquid phase, the SSA decreased to 10.5 m2/g which could be partially due to the fact that around of 6 % of the sample did not convert into CDHA (Table 4.5). The addition of GP (TMC-GP) increased SSA up to 15.0 m2/g, which might be due to changes in rheology of the liquid phase at 37°C that could modify the dissolution-precipitation process. The SSA of a C40 is 13.24 m2/g, really close to the one of the homologues at L/P = 0.35 ml/g. When LA was added, SSA decreased down to 10.8 m2/g while. Decrease possibly due to the presence of unreacted α-TCP in the cement (Table 4.5). 
Table 4.6- Surface area of α-TCP reactant powders and of the cements after 7 days setting in Ringer’s. 
 













a.5. Microstructure of the matrices Figure 4.17 shows the fracture region of the different matrices. All the cements had similar crystal size. In the case of C35 (Figure 4.17a), it is possible to identify the typical plate-like structure of CDHA. Dissimilarly, the structure of the material with TMC (Figure 4.17b) or TMC-GP (Figure 4.17c) showed a mixture of plate- and needle-like structures around the Hadley cells. C40 (Figure 4.17d) displayed the typical plate-like CDHA structures, while LA appeared more compact showing 
unreacted α-TCP particles (Figure 4.17e), as confirmed also by XRD (Table 4.5).  
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Figure 4.17 – SEM images of the microstructure of the different CPC matrices as obtained employing 
different liquid phases: a) control with water at L/P = 35 (C35), b) TMC (TMC), c) TMC-GP hydrogel (TMC-
GP) as liquid phase, d) control with water at  L/P = 40 (C40) in the matrix and e) 10 % LA (LA) as liquid 
phase. Hadley cells are highlighted in the figures by arrows.  















Figure 4.18- Compressive strength of CPCs with different liquid phases. Groups indicated with the same 
symbol do not have statistically significant differences (p>0.05).  
a.7. Three-point bending test of the matrices The bending elastic modulus (E), bending strength (BS) and work of fracture (WOF) of different matrices are reported in Figure 4.19. It can be noticed that no statistically significant differences were found between the matrices C35, TMC and TMC-GP, and just a slight increase in the modulus or bending strength was registered when TMC was introduced as liquid phase of the cement. Since the fracture of the different cement matrices is fragile, as the samples break following a typical brittle failure (Figure 4.19d), the WOF was very low for all of them (Figure 4.19c).  
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 a)  b)  
  c) d) 
Figure 4.19- a) Young modulus (E), b) Bending strength (BS), c) Work of fracture (WOF) and d) example 
curves of matrices of CPCs. The samples are: the control which has water as liquid phase (C35), TMC 
based matrix (TMC) and TMC-GP based matrix (TMC-GP). No statistically significant differences were 




 a)  b) 
   c) d) 
Figure 4.20- a) Young modulus (E), b) Bending strength (BS), c) Work of fracture (WOF) and d) example 
curves of pristine CPCs matrices with water in the liquid phase (C40) or with 10% LA in the matrix (LA). 
No statistically significant differences were observed among the samples (p>0.05). 
 
 
b) Contact angle Figure 4.21 shows contact angles of the polymers used for reinforcement of CPCs with different wetting liquids. Comparing water contact angle of chitosan films with the one of PLLA films, it can be noticed that chitosan is more hydrophobic than PLLA. The contact angles of chitosan films using either water or 1 wt% TMC solution as wetting liquid is shown in Figure 4.21a. The contact angle of chitosan films with water was 95.9° ± 1.5° while with TMC solution it decreased down to 80.7° ± 7.3°. This result indicates that chitosan is wetted better by the TMC solution than by water, and this may be relevant with regard to the adhesion between the chitosan fibres and the matrix in FRCPCs. Similar behaviour was found in PLLA films. Figure 4.21b displays the contact angle of the PLLA film with water, which was 71.2° ± 3.1°, while with 10 v/v% LA it 
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 decreased down to 61.5° ± 3.6°, reflecting an improved wettability of PLLA by LA, which is intended to be used here to produce stronger interface between fibres and matrix.   
  
Figure 4.21 - Contact angle of a) water or TMC solution on chitosan film and b) water or LA solution on 
PLLA film. Groups indicated with the same symbol do not have statistically significant differences 
(p>0.05).  
c) Fibre Reinforced Calcium Phosphate Cements 
c.1. Three-point bending test Figure 4.22 shows the bending strength parameters of FRCPCs with different amounts of 8 mm long chitosan fibres (4, 8, 12 wt%). The addition of 8 wt% chitosan fibres to the control matrix (C35-f8) decreased significantly the Young modulus and bending strength with regard to its pristine counterpart (C35), probably due to low adhesion of the fibres to the matrix. In contrast, in the case of TMC matrix the addition of 8 wt% fibres did not result in a decrease of the elastic modulus and bending strength, and increased significantly the WOF. Other amounts of fibres led to worse results  (TMC-f4 and TMC-f12) (Figure 4.22a). As it can be noticed in Figure 4.22b, bending strength of C35-f8 is lower than that of all the other samples, while the FRCPC specimens containing TMC and chitosan fibres tended to show lower (TMC-f4 and TMC-f12) or equal (TMC-f8) bending strength than their pristine counterpart (TMC). In terms of WOF (Figure 4.22c), all samples with fibres and TMC showed at least 10-fold improvement respect to pristine cement; TMC-f8 had the gratest WOF, significantly higher than C35-f8, the control matrix with the same amount of fibres (Figure 4.22c). A  further increase of the fibre content (TMC-f12) 119  
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 did not have a positive effect on the strength. The Load vs deflection curves (Figure 4.22d) showed a tension softening behaviour for all FRCPCs with TMC in the matrix and different chitosan fibre contents, while a negative action of the fibres was observed in the case of C35-f8. It is due to point out that even if the fibres were aimed to be randomly distributed, possibly the moulding process led to a partial alignment, as fibres of 8 mm were used and mould in 4 mm wide moulds. 
 a)  b)  
 c) d) 
Figure 4.22 -  Three-point bending tests: a) Young modulus (E), b) Bending strength (BS), c) Work of 
fracture (WOF) and d) example curves of FRCPCs: pristine control (C35), pristine cement containing TMC 
(TMC), control with 8 wt % chitosan fibres (C35-f8) and then the samples with TMC matrices and 
containing 4 wt% (TMC-f4), 8 wt% (TMC-f8) and 12 wt% (TMC-f12). Length of the fibres: 8 mm. Groups 
indicated with the same symbol do not have statistically significant differences (p>0.05). Figure 4.23 shows the bending properties of cements reinforced with PLLA yarns. Two different lengths were compared, 8 and 4 mm PLLA yarns were added at 2 wt% in the matrix containing either water or 10% LA. Samples were coded as f2 with 8 mm long yarns and those with 4 mm long yarns as f2s (for short fibres). As shown in Figure 4.23 the introduction of LA in the matrix reverted in a decrease (even if not 
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 significant) of both Young modulus and bending strength. Comparing the control with water (C40) to the materials with the addition of PLLA fibres, it can be noticed that there was not significant improvement of Young modulus, but  there was an improved bending strength of the material with shorter fibres (C40-f2s) compared to the pristine cement (C40). Concerning the materials containing LA, although the Young modulus was not modified by the addition of the monomer,  the bending strength (Figure 4.23b) significantly increased by the addition of the PLLA yarns in the matrix, both in the case of long (LA-f2) and short (LA-f2s) yarns. However, the work of fracture was approximately the same in all FRCPCs (Figure 4.23c). Figure 4.23d shows bending curves: C40 and LA showed a brittle fracture, while the FRCPC samples showed a tension softening behaviour, which was faster in the case of shorter fibres (C40-f2s and LA-f2s), possibly due to a faster debonding and pull out. However, it is due to indicate that the dispersions among samples is really high. 
 a)  b) 
  c)  d) 
Figure 4.23- a) Young modulus (E), b) Bending strength, c) work of fracture (WOF) and d) example 
curves of FRCPCs. The samples are pristine cement (C40), cement with 10% LA in the matrix (LA) and 
their composite with 2 wt% of 8 mm long fibres (C40-f2, LA-f2) and with 2 wt% of 4 mm long fibres (C40-
f2s, LA-f2s). Groups indicated with the same symbol do not have statistically significant differences. No 
statistically significant differences were observed among the elastic modulus of the samples (p >0.05). 121  
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c.2. Scanning Electron Microscopy Figure 4.24 shows that the randomly oriented fibres were not homogeneously distributed within the matrix but rather they concentrated in some areas, probably due to the manual pressure applied during the moulding process. Chitosan fibres generated macropores of the size of their diameter (200 μm, Figure 4.24b). Contrarily, the pores and fibres observed for PLLA yarn reinforced CPCs did not 
correspond to the ≈ 320 μm of yarn diameter (in Figure 4.24c and d) but were much smaller. It is possible that after cutting the yarns into 4 mm or 8 mm long segments, and then mixing them energetically with the cement, the yarn separated in its constituent fibres. Furthermore, important differences were noticed from sample to sample, due to the difficulties in the mixing and moulding processes to obtain high uniformity and reproducibility. This is reflected in the relatively high standard deviations associated to the different mechanical parameters obtained from the bending tests (section 4.3.3c.1).   
 a)  b) 
 c)  d) 
Figure 4.24 – SEM images representing a general view of different FRCPCs reinforced with chitosan fibres 
as a) C35-f8, b) TMC-f8, or with PLLA yarns c) C40-f2 and d) LA-f2. 
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 Figure 4.25 shows scanning electron micrographs of the fibre/matrix interfaces of FRCPCs. Chitosan fibres seemed to show greater affinity to the matrix when it contained TMC, both for the fibres probably involved in the reinforcement of the matrix (Figure 4.25b versus a) and for the fibres embedded in the matrix which, due to their orientation, might have participated less in the mechanical reinforcement (Figure 4.25d versus c). As a matter of fact, it can be noticed that the gap fibre/matrix is smaller (or there is even continuity fibre-matrix) in TMC-f than C35-f8. Figure 4.25e shows the continuity fibre-matrix in TMC-f8 while Figure 4.25f displays the bridging of two chitosan fibres possibly by the TMC polymer.  
Figure 4.25- SEM images of fracture region after three-point bending tests of FRCPCs. a) chitosan fibre 
embedded in C35 (C35-f8), b) chitosan fibre embedded in TMC (TMC-f4), c) good adhesion of a fibre with 
the matrix in TMC-f8, d) TMC bridging two fibres in TMC-f8 (signalled by the arrow). 
C35-f8 TMC-f 
  a) b) 
  c) d) 
 e)  f) 
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 Figure 4.26 shows the interfacial transition zone (ITZ), which has been described in literature as the layer between fibre and matrix and it can be 5-100 μm thick 
(Krüger, 2012), of the materials which contain chitosan fibres. This layer can be either more porous and weaker or denser and stronger. In the case of the control (C35-f8) the matrix was a mixture of plate-like and small needle-like structures (Figure 4.26a and b). On the contrary, in TMC-f8 significant differences could be observed in the ITZ (Figure 4.26c), as it looked smooth revealing the presence of a layer of polymer in the ITZ (Figure 4.26d). 
Figure 4.26- SEM images of the ITZ between chitosan fibres and control matrix C35, a) with a zoom of the 
microstructure of the selected area in b) and between chitosan fibres and TMC matrix, c) with zoom of 
the selected area in d). As previously shown for chitosan fibres, the fracture zone of bending samples containing PLLA yarns was imaged by SEM with the aim to observe the interface fibre/matrix. Figure 4.27 shows a gap fibre/matrix of the composites. In this case, the gap between the fibre and the matrix looked comparable in both C40-f2 and LA-f2. 
 a) b) 
 c) d) 
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 a)  b) 





Calcium Phosphate Cements (CPCs) have shown many advantages (Ginebra, 2010). However, their poor mechanical properties limited their applicability to non-load-bearing applications. To this purpose, in the last 15 years, fibre reinforcement of CPCs has been widely investigated, with fibre types ranging from non-resorbable polymer or mineral fibres, to different resorbable polymer fibres (Canal, 2011; 
Krüger, 2012). In the last years the scientists’ interest focused mainly on resorbable fibres as reinforcing agents. The strategy behind this choice is providing temporary mechanical support, and, after resorption of the fibres, allowing fluid and cell ingrowth (in the case of fibres or yarns with large diameters) in the CPC to enhance bone resorption of the implant and new bone formation. Since it is known that the behaviour of the interface fibres-matrix determines this first crack strength of the composite (Nelson, 2002), this work aimed at improving the strength at the interface. Fibre Reinforced Calcium Phosphate Cements (FRCPCs) with improved adhesion matrix-fibre were obtained in this work by introducing a polymer with high affinity to the fibres used as reinforcing agent. Specifically, chitosan fibres were coupled with Trimethyl Chitosan (TMC) and PLLA yarns with LA (their forming monomer), in the form of randomly oriented distributed fibres. Each cement formulation was optimised in fibre concentration and/or length depending on both reinforcement and workability. In this work, amounts of chitosan fibres < 4 % were discarded because they were too low to provide any reinforcement, whereas in the case of PLLA yarns, amounts > 2 % were not used since they reverted in poorer mechanical properties as well as worse workability. This could be explained by the fact that in an excess of fibres, the contacts fibre/matrix would be replaced by contacts fibre/fibre since the yarns tend to aggregate (Li, 2003). The introduction of the additives caused some changes in the cement matrix: the addition of Trimethyl Chitosan (TMC) to the liquid phase of CPCs remarkably modified the setting reaction, as it can be noticed through the pH evolution in Figure 4.14a. Instead of the fast basification (in the range of seconds) due to the α-TCP dissolution and then a slow decrease (due to the precipitation of CDHA) until pH 
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 around 7 is reached, as it happened for α-TCP mixed with water, 1% TMC aqueous solution as liquid phase led to a gradual increase (from pH 6.5 up to pH around 7 in 29h). A similar behaviour was obtained when collagen was used as additive in liquid phase by Perez et al. (Perez, 2013a). This was probably the cause of a slowing down of the dissolution-precipitation process of α-TCP (Figure 4.16a) which led to slightly 
lower conversion to CDHA (6% of α-TCP was unreacted) and could possibly be related to the lower SSA measured. Differently, when the additive was TMC-GP, SSA increased, maybe due to the fact that the hydrogel could act as further nucleation point. A different behaviour was observed when LA was present as liquid phase in the CPCs. The setting pH in the LA solution was different, as the low pH of 10 v/v% LA in the solution used as liquid phase led to a different kinetics of the dissolution. The low pH stimulated a fast dissolution rate at L/P = 200 ml/g (Figure 4.14b), as α-TCP was completely dissolved, while at L/P = 20 ml/g the solution was supersaturated (Figure 4.14c). Although the low pH, no brushitic phase was found in the final CPCs even if it is the most stable phase at pH lower than 4.5 (solubility diagrams reported in chapter 2, Figure 2.5). It can be speculated that possibly brushite temporary formed in the beginning of the reaction and progressively converted to HA during the 7 days setting, as previously described by Leroux et al. (Leroux, 1999). The lower SSA of the cement containing 10% LA compared to the one with water, agrees with the incomplete conversion of α-TCP to CDHA (87 %).  Initial and final setting times were difficult to measure due to the presence of the polymer (Figure 4.15), which was related to the Gillmore needles always producing a mark on the surface of CPCs in the timeframe studied (100 min). Notably, in cements containing TMC or TMC-GP, cohesion was immediate, possibly due to the higher viscosity of the solution and to the fact that the polymer chains in solution might act as nucleation points where α-TCP particles could start reacting.  Similarly, cohesion time was really short for cements containing LA, but a slightly higher than the previous ones.  In this work, the addition of TMC to the liquid phase of the cement tended to improve compressive strength but did not affect it significantly (Figure 4.18). 
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 Differently, Xu and co-workers (Xu, 2004) found that the compressive strength of a pristine apatitic matrix was significantly increased when a chitosan derivative was introduced in the liquid phase (15% chitosan lactate, a chitosan salt containing the lactate counter-ion); the higher concentration they employed together with the different structure of the molecule and the different pH of their liquid phase could influence the setting reaction and, thus, the strength of the final material. The addition of GP to TMC to form a hydrogel reverted in a slight decrease of the mechanical properties in compression (Figure 4.18). For this reason, the final FRCPCs were based simply on TMC matrix in combination with chitosan fibres of 8 
mm length and 200 μm diameters. In order to estimate how the fibres would behave in contact with the wetting liquid, static contact angles were performed on flat polymer films used as models for the surface. The water contact angle of chitosan films was similar to values found in literature for this material (Bumgardner, 2003), it was above 90° corresponding to a hydrophobic material. The wettability of chitosan with TMC solution (Figure 4.21a) was better than with water, which reverted into an improved adhesion fibre/matrix (Figure 4.25). Similarly, the contact angle of LA solution as wetting solution and PLLA films as substrate was lower than water contact angle on PLLA films, indicating an improved wettability. Creating a stronger chemical bond between fibres and matrix could be the keystone to improve mechanical properties. However, the expectation that the better wettability could revert into better adhesion fibre-matrix and thus higher toughness, was only partially accomplished. Each type of composite was used to investigate different effects. Cements containing chitosan fibres were used to investigate the effect of different amounts of fibres, while FRCPCs with PLLA yarns were used to study two different lengths.  The addition of chitosan fibres or PLLA yarns affected differently the cements. First of all, it has to be reminded that chitosan fibres have worse mechanical properties than PLLA yarns (as shown in Table 4.3). Thus, the theoretical values for the FRCPCs (corresponding to eq. 4.2 and 4.3) are lower in the former than in the latter case. Blending of chitosan fibres in the CPC control matrix (C35-f8) caused a really low 128  
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 Young modulus as well as low bending strength, probably due to low adhesion fibre/matrix, also confirmed by SEM images (Figure 4.25). This could be due to the fact that the fibres are smooth, so pull out may take place quite quickly due to poor interactions. Differently, PLLA yarns slightly improved (even if not significantly) both Young modulus and bending strength of CPC matrices, possibly due to better interlocking of the fibres of the partially separated yarn. No differences between the two fibre lengths (C40-f2 and C40-f2s) were found. In the case of addition of chitosan fibres the WOF was not improved (Figure 4.22c), the low values and the high error bar did not allow concluding that C35-f8 sample was significantly tougher than pristine cements (C35). In the case of the addition of PLLA fibres the improvement in WOF was remarkable (Figure 4.23c). Some studies reported the use of chitosan fibres with large diameters implanted in vivo (Lian, 2008; Lian, 2009) finding an improvement in compression. However, in those studies fibres were coated with collagen, while in our case there is no coating. Xu et al., widely studied the addition of PLGA yarns to CPCs and, similarly to us, they found an increase of the mechanical properties by the fibre addition (Xu & Quinn, 2002; Burguera, 2005; 
Xu & Simon, 2004).  The addition of TMC in the matrix improved mechanical properties. Similarly to compressive strength, the Young modulus in bending of TMC pristine cements was higher than the cement with water possibly due to the plasticizer effect of the polymer. This increase was maintained for the cement with 8 wt% of fibres (TMC-f8) but decreased for lower (TMC-f4) and higher (TMC-f12) fibre quantities. The decrease itself was similar to other works (Xu, 2000; Xu, 2002; Xu, 2004a; Xu, 
2004b; Gorst, 2006) where the addition of fibres or meshes caused a decrease of the Young modulus with respect to the pristine sample. The decrease obtained with a too high amount of fibres agrees with previous works in the literature (Xu, 2000; 




of α-TCP to CDHA (Table 4.5). However, the mechanical properties lost with the addition of LA were recovered with the addition of PLLA yarns. Furthermore, the addition of PLLA yarns reverted in significantly higher bending strength in the case of LA-f2 and LA-f2s compared to LA cements. As in the control matrix, no differences were found between the different lengths. Comparing the elastic moduli of the CPCs reinforced with PLLA (11 ÷ 12 GPa) and of the one containing 8 wt% fibres and TMC (TMC-f8, 10 ± 2 GPa) with those of cortical bone (13 ÷ 15 GPa (Ziopus & Currey, 1998)), it can be concluded that the values are quite close. Notwithstanding, bending strength displayed values which were much lower than the one of cortical bone, which has been estimated between 50 and 200 MPa (Barinov, 2010; Currey, 1988). Regarding WOF, the FRCPCs containing chitosan fibres and TMC showed a remarkable increase of the WOF (Figure 4.22c), especially TMC-f8 where the WOF was the highest. Even if differences among FRCPCs reinforced with PLLA yarns were not significant, LA-f2 had the highest WOF, as the value found was 0.81 ± 0.22 kJ/m2, which was closer to the lower limit of cortical bone (which has been reported to range between 1.5 and 15 kJ/m2 (Currey, 
1975)), being much higher compared to the one of pristine cements C40 (50-fold lower) or LA (80-fold lower). The causes of the differences in mechanical properties, especially in the work of fracture (WOF), can be attributed to the different parameters: first of all the different morphology of chitosan fibres and PLLA yarns (Figure 4.12). The former are smooth cylinders, while the latter are yarns formed by 68 false twist fibres, feature which probably increased friction work prior to debonding and pull out. However, as it was observed that the yarns partially separated into the individual fibres during the cement preparation, other factors have to be considered. For instance, the higher tensile breaking stress of the PLLA yarns, and their higher surface area ratio can justify their better performance compared to chitosan fibres. By comparing the curves reported in Figure 4.22d or Figure 4.23d, different behaviours could be observed: in fact, upon applying bending load on pristine CPCs (Figure 4.19), either prepared with water (C35, C40) or additives in the liquid phase (TMC and LA), stress increased until its intensity reached a critical value (at a fault 
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 in the microstructure) typical of brittle solids. When this happens in a monolithic CPC, due to fast propagation from the initial crack, catastrophic failure occurs 
(Callister, 2009). In FRCPCs, the linear elastic region ended with the first cracking of the matrix but the fracture is not catastrophic. In this specific case, the behaviour seemed to be between tension softening and, in some curves, tending to strain hardening. The material underwent multiple cracking, leading to a non-catastrophic failure. However the dispersion between samples is quite high. In the materials reinforced with chitosan, the best result was obtained in one case by TMC-f8, since a further increase of fibre amount reverted in decreased mechanical properties. The addition of TMC in the matrix enhanced significantly the mechanical properties compared to C35-f8, due to improved adhesion shown by the SEM images (Figure 4.25 and Figure 4.26). However the enhancement was limited. Higher mechanical properties were obtained by adding PLLA yarns to CPCs. In this case the additive to the liquid phase (LA) initially caused a decrease of the mechanical properties, which was recovered by the addition of the reinforcing agent with no differences between the two yarn lengths. Nonetheless this recovery was not enough to obtain better results than the control materials with fibres (C40-f2 and C40-f2s).  
4.3.5 Conclusions 
In this work it has been shown that it was possible to obtain FRCPCs with good interface fibre-matrix, using additives in the matrix together with polymeric fibres with great affinity for each other. Chemical similarity between chitosan fibres and TMC (a chitosan derivative) in the liquid phase resulted in good interfacial adhesion, as revealed by SEM. As result, the bending strength of the material was maintained when the fibres were added, together with a significant improvement of the WOF compared to FRCPCs without TMC in the liquid phase or the pristine cement. However, the good adhesion did not revert in sufficient improvement, compared to the bone, probably due to the smoothness of the fibres, so further investigations will need to be performed in this line. Although SEM images proved a good integration of the PLLA yarns in the matrix due to the improved wettability of PLLA fibres from LA, 
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 there was not a significant improvement of the mechanical properties compared to the cements containing water. 
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4.4 Calcium phosphate cements reinforced with plasma 
treated fibres 
4.4.1 Introduction 
In the line of the previous chapters, in the present section the focus is put on enhancing the adhesion at the interface between fibres and matrix in FRCPCs. The strategy in this case relies on surface modification of the fibres with non-thermal low pressure plasma. In the present work the surface effects of low pressure oxygen plasma treatments on PLLA multifilaments are evaluated. The plasma-treated multifilaments are then incorporated to a CPC matrix as a reinforcing phase. The influence of the surface modification of the PLLA multifilaments on different processing parameters of relevance in CPCs, as well as on the mechanical performance of FRCPCs is investigated.  
4.4.2 Experimental 
a) Preparation of liquid and solid phase 
α-TCP powders were obtained as described in section 3.3.1. 2 wt% of precipitated hydroxyapatite (Alco) was added as a seed in the powder. The same PLLA yarns and PLLA films described in 4.3.2a.2 were used in this work.  The liquid phase employed consisted of a 2 wt% solution of Na2HPO4 in MilliQ water.  





Figure 4.28- Scanning Electron Micrograph of the PLA yarns with representation of the random 
distribution of PLLA yarns in the CPC composite. Cements were prepared by mixing the powder phase with the liquid phase at L/P ratio of 0.35 in a mortar for 1 min. Samples devoted to characterisation were allowed to set in Ringer’s solution in 6 mm diameter x 12 mm height cylindrical moulds for 7 days at 37°C. Samples devoted to bending tests were cast onto rectangular moulds of 3 x 4 x 50 mm3 and allowed to set in the same conditions. 
c) Low Pressure Plasma treatment PLLA multifilaments were treated with low pressure plasma in a Diener Femto reactor composed of a quartz chamber of 2 l. Multifilaments were laid horizontally on a quartz tray (Figure 4.29) and treated with O2 plasma at 100 W and 0.40 mbar for either 30 s or 5 min. The treatment conditions employed were selected according to a previous screening performed with different plasma treatment times, powers and pressures by using contact angle measurements and SEM imaging.  
 
Figure 4.29- Scheme of the low pressure plasma reactor employed for the treatment of the yarns  To avoid ageing of the plasma-treated samples all characterisation and the fabrication of the cements was performed immediately after treatment (Canal, 
2004).  
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d) Contact angle The contact angle of untreated and plasma-treated PLLA films was determined as in 4.3.2c.5. 
e) X-Ray Photoelectron Spectroscopy The chemical composition of the PLLA films was analysed by XPS with a SPECS (Germany) using an Al non monocromated source XR50 (200 W and 14 kV) with an analyser Phoibos 150 MCD-9 with pass energy of 25eV, high resolution steps of 0.1eV, chamber pressure of 5.109 mbar and using a Flood gun FG15/40. Peak deconvolution was performed with CasaXPS software.  
f) Scanning Electron Microscopy Topography of untreated and plasma treated PLLA fibres and also of the cements’ microstructure and of their fracture region was studied by Field-Emission Scanning Electron Microscopy using a Jeol JSM-5000/5610 SEM. Samples were Au-coated before SEM observation.  Observations were carried out at 10 kV working voltage. 
 
g) Cement’s characterisation 
 
g.1. Initial and final setting time Initial and final setting times of the CPC pastes and of PLLA-CPC composite pastes were measured as in 3.3.3.c. 





g.3. Three-point bending tests  The flexural strength was measured by three-point bending using the same parameters described in 4.3.2c.7. A minimum of 8 specimens were tested in flexion for each kind of treatment.  
h) Statistics Statistical differences were determined using one-way ANOVA at 95% confidence with Tukey's post-tests using Minitab 16 software (Minitab, Inc., State College, PA). Statistical significance was noted when p < 0.05.  
4.4.3 Results 
a) Surface effects of plasma on PLLA filaments Chemical modifications on the surface of PLLA by the O2 low pressure plasma treatment performed were investigated by evaluating the surface chemistry by X-ray Photoelectron Spectroscopy as well as the Wettability by static contact angle measurements (Table 4.7).   




θs (°) C1s O1s O/C 
UT PLLA 61.15 38.85 0.63 70.0 ± 0.7 
0.5min O2 Plasma PLLA 58.23 41.77 0.72 61.9 ± 0.9 
5min O2 Plasma PLLA 58.93 41.97 0.71 62.5 ± 1.3 
 The chemical composition on the surface of untreated (UT) PLLA agrees with its theoretical composition (C3H4O2)n, with 60% C and 40% O. After O2 low pressure plasma treatment either for 0.5 or 5 min similar increase in the oxygen contents was obtained, with a simultaneous decrease of the carbon contents. Interestingly, the O/C ratio of PLLA showed very good linear correlation with the contact angle (Figure 4.30), which exhibited a decrease of nearly 8°, increasing the hydrophilicity of the fibres.   136  
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 The untreated PLLA fibre surface shows smooth topography typical for synthetic fibres (Figure 4.30). The topographical effects of O2 low pressure plasma on the multifilaments were mild at 0.5 min of treatment, which had slightly lower contact angle and slightly higher O/C ratio. In contrast, clear topographic modifications, following a regular pattern perpendicular to the fibre axis, which can be possibly attributed to preferential etching on the amorphous regions of the polymer, were observed for 5 min low pressure plasma treated PLLA fibres.   
 
Figure 4.30- Static contact angle of untreated or plasma-treated PLLA with respect to their O/C ratio and 
scanning electron micrographs of the PLLA fibre surface (a) Untreated, and treated with low pressure O2 
plasma for (b) 0.5 min and (c) 5 min. 
 
b) Effects of fibre addition to the cements After surface modification of the multifilaments with low pressure plasma, they were introduced randomly as short staple fibres in the Calcium Phosphate Cements. Different parameters are relevant when evaluating the processability of CPCs, as, for instance the setting time. As shown in Table 4.8, the initial setting time of the pristine CPC (C) is of 10 min, while the final setting time is around 30 minutes. Introduction of untreated PLLA multifilaments (C + UT PLLA) reduced the initial setting time to 6 minutes, while the final setting time remained unchanged. The plasma treatment on the PLLA multifilaments led to a significant reduction (of 66%) 137  
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 in the final setting time of the CPC composites, with no recordable differences among the low pressure plasma treated PLLA multifilament composites.  
Table 4.8- Initial and final setting times of the CPC-PLLA fibre composites 
Reference t settinginitial (min) t settingfinal (min) 
C 10 30 
C + UT PLLA 6 31 
C + 0.5min Plasma PLLA 4 10 
C + 5min Plasma PLLA 4 10  As shown in Figure 4.31, pristine CPCs presented a pore entrance size distribution with a main peak at 0.01 µm, corresponding to hydroxyapatite intercrystallite spaces. To simulate the voids that would be left by the multifilaments after resorption, PLLA-CPC composites where the fibres have been eliminated by burn out are shown, revealing a new peak centred at 10 µm, which corresponds to the diameter of the individual fibres and not the multifilament. The total porosity of the materials was around 32 % and slightly increased in the PLLA-CPC composites after burn-out of the fibres. As shown by the SEM micrographs in Figure 4.31a, during blending of the CPC paste, the fibres in the 4 mm staple multifilaments were separated, confirming that the final distribution in the CPC-PLLA composites was as random individual fibres.  
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Figure 4.31- Entrance pore size distribution of CPCs, and of PLLA-CPC composites after burn-out of PLLA. 
The lines in the SEM images indicate the intercrystallite distance corresponding to the peak, and the void 





Figure 4.32- Scanning electron micrographs of PLLA-CPC composites (a, b, d) Untreated, and (c, e) 
treated with O2 low pressure plasma for 5 min  at different magnifications.  The mechanical properties recorded in the 3-point bending tests of the CPC-PLLA composites, either untreated or plasma treated, are shown in Figure 4.33. In fact, the elastic modulus and the bending strength decreased with the introduction of untreated PLLA fibres in the CPCs, while as expected, the work of fracture increased. Low pressure plasma treatment of the PLLA yarns led to an improvement in the mechanical properties, as bending strength and elastic modulus recovered up to values close of those of pristine CPC while work of fracture was nearly doubled with respect to the rest of CPC-PLLA composites. 
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  a) b) 
   c) d) 
Figure 4.33- Flexural properties obtained from three-point bending tests (a) Elastic modulus, (b) 
Bending strength and (c) Work of Fracture of the different Calcium Phosphate Cement-based materials 





Figure 4.34- Load-deflection curves of CPCs (top) and of PLLA-CPC composites with either untreated (UT 
PLLA-CPC) or plasma-treated fibres (from left to right). Scanning electron micrographs of the fracture 
region of the CPC-PLLA composites after bending test untreated (a), and treated with low pressure 
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One of the main drawbacks of calcium phosphate cements (CPCs) is their poor mechanical performance which has limited their applicability to non-stress-bearing applications. Although fibre reinforcement of CPCs improved the toughness of these materials and the adhesion fibre-matrix is really important for the composite strength (Nelson, 2002), it has not been object of studies (Canal, 2011).  The medical applications of PLA rest upon its biodegradability and the compatibility of its degradation products with the human body, so it has many emerging applications (Gupta, 2007). PLA has been approved by the Food and Drug Administration (FDA, USA) for use as a suture material because of features that offer crucial advantages (Benicewicz, 1990; Davis, 1996). In physiological conditions the polymer may take from 10 months to 4 years to degrade, depending on microstructural factors such as chemical composition, porosity and crystallinity that may influence tensile strength for specific uses (Vainionpaa, 1989). Concerning bone substitution applications, it has been shown that due to their low solubility, apatite cements are mostly resorbed by the local action of macrophages and osteoclasts (Frankenburg, 1998; Wenisch, 2003). It has thus been estimated their resorption time to be slow, and varying a lot depending on the experimental conditions, and can be estimated to be in the frame of years. Therefore, PLA fibers could provide reinforcement to CPCs for a significantly long timeframe before being degraded. The present work investigates the effects of O2 low temperature plasma treatments on PLLA multifilaments prior to mixing with CPCs to yield CPC-PLLA fibre-reinforced composites to improve the adhesion at the interface between matrix and reinforcing agent.   In the first place, the effects of different treatment times with low pressure plasma on the surface properties of PLLA were analysed. We have recorded surface functionalisation by oxygenated moieties with a linear relationship between the increasing O/C ratio as determined by XPS with the decreasing contact angle (and thus improved wettability) – Figure 4.30. Different authors have investigated the 
143  
Chapter 4 
 surface modification of PLLA by low temperature plasmas, most studies having focused on PLA films. Hirotsu et al. treated PLA fabrics with low pressure radiofrequency (RF) glow discharge in pure oxygen or nitrogen and found that weight loss due to plasma etching which was more pronounced for oxygen plasmas than for nitrogen plasmas (Hirotsu, 1997). The oxygen low pressure plasma treatment evaluated here did not alter topography at 0.5 min, while at longer times of 5 min clear etching was produced on the surface, with a regular pattern perpendicular to the fibre axis (Figure 4.30). This kind of patterns was also observed in previous works for oxygen low pressure plasma treatments on PA6 microfibres (Canal, 2005). Different plasma treatments (low pressure, dielectric barrier discharge, etc.), with oxidizing gases used for the modification of PLA films (Alves, 2008; De Geyter, 
2010), found oxygen incorporation on the surface, with significant increases in the concentration of C-O, C=O and O-C=O groups, while C-C and C-H functional groups decreased, as currently observed for other polymer fibres (Canal, 2007).  As shown in this work (Figure 4.30), the surface functionalisation recorded on the polymer surface is related to the improved wettability of the multifilaments. Research on PLA films evaluating a low pressure glow discharge, or an atmospheric pressure plasma jet found that air plasmas can be very efficient in increasing the wettability of PLA films: contact angles were found to decrease from approximately 80° to 40–45°, depending on the exact operating conditions (Nakagawa, 2006; 
Safinia, 2005; Teraoka, 2006). In the present work around 10° decrease in the contact angle values were recorded after the oxygen low pressure plasma treatment, which is not far from the values reported by other authors in literature. For instance, in Morent et al. (Morent, 
2010), PLA films displayed contact angle reductions of around 15° (from 75° to approximately 59–60°) after air and argon plasma treatment which can be considered to generate comparable surface functionalities as the oxygen plasma treatment performed here. This value, apart from its intrinsic relationship with the surface chemistry of the PLLA fibres, is relevant with regard to the calcium phosphate cement preparation, as 144  
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resorption would create pores in the range of 10 μm, corresponding to the diameter of a single PLLA fibre.   The total porosity remained mainly unchanged with blending of the fibres in the CPCs. After elimination of the fibres by burn-out at 250°C, the lower pore entrance 
size peak found at 0.02 μm, which corresponds to the intercrystallite distance 
(Espanol, 2009) displayed lower volume of pores and the total porosity only increased around 2 % (Figure 4.30). Taking into account that the volume % of fibres introduced in the cement is close to 10%, this indicates that part of the fused polymer remained in the CPC occupying the intercrystallite voids.  The effectiveness of polymer fibres as cement reinforcement depends upon many factors (Krüger, 2012) and one of the relevant parameters is the interface and thus the mechanical bond between the fibre and the matrix (Zhang, 2000). Some previous works regarding reinforcement of concretes showed that composites made with SiCl4 plasma-treated polypropylene fibres (Denes, 1996) had better flexural strength and toughness than those made with untreated fibres, or (Li, 1996) that tensile and pull-out tests on plasma-treated polyethylene fibre concrete composites employing three different gases (NH3, CO2 and Ar) showed optimal bonding strength improvement (35%) for NH3 plasma treatments. In reinforcement of Portland concrete with polypropylene fibres and multifilaments, (Zhang, 2000) Ar and Air plasmas tended to increase the flexural strength of the composites (although no significant differences could be registered). From these earlier studies, it is clear that different plasma treatments may be appropriate for different types of polymeric fibres, and for their combinations with cement matrices. Despite these positive works on concrete, to the best of our knowledge, there have been no previous insights on plasma treatment of polymeric fibres to improve the mechanical properties of CPCs.  In our case, pristine CPCs subjected to flexural tests underwent critical fracture, corresponding to their brittle nature and yielding the same flexural strength as in previous works with very close CPC compositions (Ginebra, 2001) (Figure 4.34). The reinforcement by the PLLA fibres prevented the critical fracture of the PLLA-CPC composites, improving significantly the work of fracture (Figure 4.33c). 
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 However, the untreated PLLA-CPC (C+UT PLLA) showed much lower values of flexural strength and elastic modulus than the pristine CPC (C), which can be attributed to the low adhesion at the interface between PLLA fibres and matrix. The improvement in the work of fracture can be attributed to two factors: first, the flexibility of polymer fibres allows the cements to consume more energy due to crack bridging by the fibres that dissipates the fracture energy; and second, the frictional sliding of fibres during pull-out consumes energy as well. In literature, addition of resorbable fibres (PLLA) (Zuo, 2010) or yarns (PGA/PLA) to apatitic or brushitic cements (Xu, 2004; Gorst, 2006) led to a decrease in the Elastic modulus, as recorded here. As sought, in this work significant improvement was recorded in the mechanical properties of the O2 low pressure plasma-treated PLLA-CPC composites in both of the conditions tested, as the bending strength values were recovered up to the level of the untreated CPC. Thus, the plasma treatment of the fibres resulted in an increase of the bending strength, compared to the untreated fibres of around 36%, which is comparable with the range of 15-35% obtained in (Tosun, 2012) with low pressure argon plasma treatment of polyester fibres for reinforcement of concrete. Moreover, the elastic modulus was significantly improved with respect to the composite with untreated PLLA (up to 4.5 times) and the work of fracture was improved with respect to the untreated PLLA-CPC composite. It has to be remarked that compared to the previous section (4.3), the values obtained here for the control cement with PLLA (C + UT PLLA) are much lower, possibly due to the lower L/P ratio, which may be related to more difficulties in homogeneous blending and worse wetting of the fibres, leading to worse mechanical properties due to the water absorption previously described. This absorption may be the cause of a weaker structure, thus leading to lower mechanical properties. As recalled in a recent review (Zhang, 2014), one main challenge facing CPCs is that in general they have poor mechanical properties, not only in terms of strength, but especially in terms of toughness, brittleness limiting their application to non- or moderate- load bearing sites. When comparing to bone, the elastic modulus of cortical bone in bending has been reported to be around 13 ÷ 15 GPa (Ziopus & 
Currey, 1998), and thus, not far from the pristine and the CPC-plasma treated PLLA 147  
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 composites produced here, but much higher than that of CPC-PLLA composites without plasma treatment.  On the contrary, the bending strength of cortical bone ranges between 50 and 200 MPa (Currey, 1975; Barinov, 2010), and thus an order of magnitude higher than that of CPCs. Although it could seem that the elastic modulus and bending strength were not significantly improved in the plasma treated composites when compared with the pristine CPCs, in fact the values increased with respect to the CPC with untreated fibers, indicating that the treatment had an effect on the interfacial strength. This was more clearly shown when analysing the fracture mechanisms as depicted in Figure 4.34. The reinforcement tended to a strain hardening mechanism, avoiding critical fracture and resulting in a significant increase in work of fracture, from 0.01 kJ/m2 for the pristine CPC up to 0.2 kJ/m2 for the CPC-PLLA, and tending to further increase to 0.4 kJ/m2 in the CPC reinforced with plasma-treated PLLA. This value is closer to the work of fracture of adult cortical bone, which has been reported to range between 1.5 and 15 kJ/m2 (Currey, 1988).  Additionally, although no significant differences were found in average between the different plasma treatment times, as observed in Figure 4.34, the morphology of the curves was clearly modified from the untreated PLLA-CPC composite to the plasma PLLA-CPC one.  It was observed that a fragile fracture peak appeared randomly in some PLLA-CPC composites, both with UT PLLA or plasma-treated. As compared to the brittle nature of a pristine CPC, the composites with untreated PLLA-CPC showed a quasi-brittle behaviour, with a tension softening mechanism. Thus, the bridging of fibres across cracks provided a post-crack tensile strength as a result of gradual fibre pull-out, resulting in an increased work of fracture. In contrast, in the plasma-treated specimens the shape of the curve changed reflecting a strain hardening mechanism, characteristic of ductile composites (Krüger, 2012). The maximum load was comparable to the pristine CPC, and the load carrying capacity was maintained or even increased with increasing deflection, after first cracking of the matrix occurred. Taking into account that fibre pull-out is the main mechanism that avoids brittle fracture, this is a clear indication that plasma treatment results in enhanced bonding between the fibres and the cement matrix.  
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 This improvement can be attributed to the improvement in the adhesive properties of the fibres thanks to their higher wettability after oxygen plasma treatment. By using other gases, such as nitrogen or helium plasma treatment, authors (Morent, 
2010) found a much more pronounced contact angle decrease: a helium plasma treatment can decrease the contact angle to 36°, while a nitrogen treatment lead to an even lower contact angle (31°). This strategy could be evaluated in future for further enhancing the adhesion at the interface and maximising the benefits on the mechanical properties. Interestingly, although the surface roughness was considerably modified, no significant differences were found in the bending properties of the samples with different plasma treatment times. Thus, although one could have expected an improvement of the frictional bonding between fibres and matrix, the increased roughness produced in the long-time plasma treated PLLA fibres due to the etching of the fibre surface did not have a significant effect on the interfacial adhesion between fibres and cement matrix, indicating that the mechanical improvement in the CPC-plasma–treated PLLA composites is due to chemical bonds and not to frictional bonds between the fibres and the matrix.  
4.4.5 Conclusions 




4.5 Biological characterisation 
This work was performed at the Ångstrom Laboratory of the Uppsala University in the Materials in Medicine group (MiM) of the Applied Materials Science, Department of Engineering Sciences. The collaboration was funded by the Swedish Foundation for International Cooperation in Research and Higher Education (STINT, project IG2011-2047) and supervised by Dr. Gemma Mestres and Prof. Cecilia Persson. 
4.5.1 Introduction 
During the years few in vitro studies have been carried out in regards to cell response to fibre reinforced calcium phosphate cements (FRCPCs).  Xu et al. studied MC3T3-E1 in contact calcium phosphate cements reinforced with woven fibres to ascertain the biocompatibility of the material, and found that there were no significant changes in either the adhesion after 1 day, or the proliferation after 14 days compared to material without reinforcing agents (Xu & Simon, 
2004).  Recently Wu et al. (Wu, 2014) prepared FRCPCs based on TTCP:DCPA and reinforced them with chitosan fibres either plain (CF) or RGD-functionalised (RF) to improve cellular response. Murine cells C3H10T1/2 (C3), which are pluripotent cells, were seeded on the different types of cements. They found that for RF-FRCPCs both the cell proliferation and differentiation of C3 cells, as compared both to pure CPC and CF-CPC samples, were significantly enhanced. Some of the CPCs and FRCPCs previously developed and characterised in this chapter have been selected for biological characterisation. The aim of this work was to perform in vitro cell culture studies of both CPCs with different additives (TriMethyl Chitosan or Lactic Acid) in the matrix and two different FRCPCs reinforced with PLLA fibres (C40-f2s and LA-f2s) in order to test the effects of the additives and/or the PLLA fibres on human osteosarcoma-derived cell line MG63. These studies are especially focused on cell proliferation and differentiation (measured through ALP expression) in direct contact with the material. 
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4.5.2 Materials and methods 
a) Samples Calcium phosphate cements were prepared, mixing a solid phase with different liquid phases (Table 4.9) moulded in discs (15 mm diameter x 2 mm height) and allowed to set  in 100% Relative Humidity (RH) for 2 hours and then for 7 days in Ringer’s solution, at 37°C. PLLA yarns were cut to 4 mm long prior to inclusion to the cement (the length was selected due to practical aspects due to the moulds dimension). 
Table 4.9- Calcium phosphate cements used for the in vitro cell culture 







C40 water 98% α-TCP+ 2% pHA - - 0.40 
TMC 1% TMC in water 98% α-TCP+ 2% pHA -- - 0.40 
LA 10% LA in water 98% α-TCP+ 2% pHA - - 0.40 
C40-f2s water 98% α-TCP+ 2% pHA PLLA 2 0.40 
LA-f2s 10% LA in water 98% α-TCP+ 2% pHA PLLA 2 0.40  The samples were sterilised in 70% isopropanol solution (VWR International) for 2 hours with orbital shaking and then rinsed for 6 times x 10 minutes in sterilised distilled water. The rinsing was done through orbital shaking in order to enhance water penetration into the material. The material discs were placed in the 24-well plates and let dry for 2 hours in the hood.   
b) pH monitoring 
 The behaviour of cells is influenced by all the factors in their environment. Among all, one important issue is the pH of the medium. Thus, it is important to monitor the potential pH changes, especially considering that some cements contained LA in their matrix. The pH was monitored every day in the same medium and conditions used for the cell culture in contact with the samples (1 ml of supplemented DMEM for each disc, daily changed).  151  
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c) Experimental design MG63 cells are well known Osteoblastic line cells. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM/F12, USA) supplemented with 10% fetal bovine serum (Hyclone, USA) and 2 mM L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin (Sigma- Aldrich, Germany) and kept at 37°C in a humidified atmosphere with 5% CO2. A scheme of the experiment is shown in Figure 4.35. Cells were seeded on the specimens at a density of 50,000 cells/ cm2 (100,000 cells/well) and cultured for 1, 3, and 7 days. Tissue culture Polystyrene (TCPS) was used as control. The experiment was performed twice and with n=4. The medium was changed on a daily base.   
 
Figure 4.35 - Scheme of the experimental design 
 
d) Cell lysis 
 At each time point the specimens were washed 3 times with sterile PBS to remove unattached cells, then 0.1% Triton ( Triton X-100, Merck) in 500 μl of modified Eagle’s medium (Hyclone, USA) was added to each well, and then the plate was incubated at 37°C for 50 minutes in order to lysate the cells.     152  
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e) Cell proliferation assay 
 
LDH activity quantification Lactate dehydrogenase (LDH) is a stable enzyme, present in all cell types, and rapidly released into the cell culture medium upon damage of the plasma membrane. LDH, therefore, is the most widely used marker in cytotoxicity study. The assay is based on an enzymatic coupling reaction: LDH oxidises lactate to generate NADH, which then reacts with a substrate to generate yellow colour. The intensity of the generated colour correlates directly with the number of lysed cells.  In this work the total number of cells adhered to cement specimens was assessed by measuring the activity of LDH enzyme, using a TOX 7 kit (Sigma-Aldrich). 50 μl of cell lysates were incubated in a 96 well plate with the LDH reagent mix, at a ratio 
1:2, for 20 min, after which the reaction was stopped by the addition of 15 μl of a solution of HCl 1M. The absorbance was measured, with a microplate reader (Tecan, Switzerland), at the primary wavelength of 490 nm and at background wavelength of 690 nm. LDH activity of increasing concentrations of cells (from 0 to 1 x 106) was measured as calibration curve, and the results were expressed in cell number (n=4).  





Cell morphology (SEM) The morphology of the MG63 cells cultured on the cement specimens as well as the cement microstructures were visualised by Field Emission Scanning Electron Microscopy (FE-SEM, device: FIB Zeiss Neon40). After 3 and 7 days of culture, selected cement specimens from each group were rinsed twice in PBS and fixed with 2.5% glutaraldehyde (SERVA) in PBS solution for at least 60 min at 4°C. Samples were subsequently rinsed twice in PBS and dehydrated in several steps with graded ethanol followed by further dehydration in hexamethylsilazane (Sigma Aldrich). The samples were mounted on the sample holder with carbon tape and aluminium tape was put on the side walls to allow conduction. Finally the samples were coated with Au/Pd by means of Emitech K950X metal evaporator and then investigated  
f) ALP quantification in cell lysate  The osteogenic differentiation was determined by measuring the alkaline phosphatase (ALP) activity, which is an early osteogenic marker. Yellow (pNPP) Liquid Substrate Systems for enzyme-linked immunosorbent assay  (ELISA; Sigma Aldrich) were added to 25 μl aliquots of the cell lysate at a ratio 2:1, and incubated for 10 min in the case of SaOS-2 and 30 min in the case of MG63. The reaction was 
stopped with 25 μl of a solution of NaOH 3M and the absorbance was measured at 405 nm with a microplate reader. The ALP values were normalised to the time of the reaction (there is a linear correlation between the time and the intensity of the signal) and to the total number of cells according to the LDH assay and expressed as p-nitrophenyl pmols/min/1000 cells. Standard ALP curves were made with different concentrations of p-nitrophenyl phosphate (Sigma Aldrich) in PBS.  
g) Statistics Statistical differences were determined using one-way ANOVA at 95% confidence with Tukey's post-tests using Minitab 16 software (Minitab, Inc., State College, PA). Statistical significance was noted when p < 0.05. 
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 Scanning electron micrographs of the surface of the samples is reported in Figure 4.36. The control C40 (Figure 4.36a) presented the typical plate-like structure, as well as C40-f2s (Figure 4.36e) and TMC sample (Figure 4.36b). LA sample (Figure 4.36c) had platelet-structure embedded in the matrix which seemed more dense compared to the other materials studied. The addition of PLLA fibres to the cement containing LA (Figure 4.36d) changed the structure to a more porous platelet-like structure with a fibre visible (indicated by an arrow). 
 a)  
  b) c) 
  d) e) 
Figure 4.36- Scanning Electron Micrographs of the surface of materials: a) control CPC (C), b) with TMC 
in the matrix (TMC), c) with LA in the matrix, d) with LA in the matrix and PLLA fibres as 
reinforcement, e) without additives and with PLLA fibres.  155  
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b) pH monitoring 
 Monitoring pH changes of culture media in contact with different materials, and with daily medium replacement (Figure 4.37) allowed us to divide the pH behaviour into 3 categories up to day 5. The control (TCPS) pH without the material was between 7.2 and 7.4 for the whole experiment. Concerning the materials, on the one hand when LA was introduced in the matrix (LA and LA-f2s), pH dropped down to 6.7 for then reaching stability at neutral pH (pH = 7) after 3 days. On the other hand, the remaining materials laid in a range between 7 and 7.25.  
 




c) Cell proliferation Figure 4.38 shows the proliferation of MG63 cells on the materials. The trend showed a gradual cell number increase in C40, TMC and C40-f2s samples, while when LA was present in the matrix (LA or LA-f2s) a decrease at 3 days was registered, followed by a stabilisation.   
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Figure 4.38- (top) Cell proliferation of MG63 for different periods up to 7 days, measured through LDH 
activity. TCPS was used to check normal cellular behaviour. (bottom) Zoom of the cell proliferation of 
the materials at day 1, 3 and 7; data are presented as average ± SD; statistics is reported at each time 
point. Groups indicated with the same symbol do not have statistically significant differences (p>0.05).   
d) Live/dead staining 
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Figure 4.39-Live/dead staining of MG63 on different materials after 1, 3, 7 days.  Bar = 500μm. Figure 4.40 shows the live/dead assay at higher magnification of MG63 cells in order to ascertain their morphology. Generally, cells seemed to be spread on the cements, and they fully colonised the whole sample, as it can be observed at day 7 on most of the samples. Although the number of cells was lower in materials containing LA in the matrix, the cells were well spread. 
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e) Cell morphology  
 Scanning electron micrographs of MG63 cells cultured on the different samples samples are shown in Figure 4.41. The cells cultured on different cement types exhibited spread morphology and mostly agreed to the proliferations results. Remarkably, MG63 distribution is quite non-uniform, above all in C40-f2s which would explain why the amount of cells on C40 is greater than the one on C40-f2s in LDH assays (Figure 4.38). 
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Figure 4.41- SEM images of MG63 on different materials after 3 and 7 days at two different 
magnifications. 
 
f) ALP expression 
 Figure 4.42 shows MG63 ALP activity. Although the values are low, the maximum values were found after 3 days followed by a subsequent decrease after 7 days. 160  
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 However, it seems that PLLA fibres had an effect as, in fact, the ALP activity was enhanced in the materials containing fibres with respect to their pristine counterparts (C40-f2s versus C and LA-f2s versus LA).  
 
Figure 4.42- (Top) Alkaline phosphatase (ALP) expression level on the cements after different periods 
of culture of MG63 cells; (Bottom) ALP expression at day 1, 3 and 7; data are normalised to 1000 the 
number of cells; significant differences for the different materials at a given time point. Groups 





The formulation of Fibre Reinforced Calcium Phosphate Cements (FRCPCs) has been a step forward towards widening the applications of calcium phosphate cements, by opening a window to load-bearing applications. Unfortunately, not so many FRCPCs have been characterised in cell culture studies. In literature there are some studies focusing on cytotoxicity of materials (Xu & Simon, 2004) while others evaluate the possibility of using FRCPCs as cell carriers (Weir, 2010; Zhao, 
2011a; Zhao, 2011b).  In this work, the aim was to investigate how proliferation and differentiation of human osteosarcoma-derived cell lines MG63 are affected by direct contact with different formulations of calcium phosphate cements.  MG63 cells attached after day 1 and the proliferation were higher in the control TCPS than in all CPCs. These results have been previously observed in other studies concerning apatitic cements (Engel, 2008; Yuasa, 2004). On the other hand the already low ALP expression had the lowest values for TCPCs compared to CPCs. It is known that cells which start differentiating show lower proliferation 
(Engel, 2008) and viceversa.  The number of MG63 gradually increased (Figure 4.38) in all samples up to 7 days, except for LA and LA-f2s samples. The lower pH values found in the medium of the LA and LA-f2s samples could be related to the lower cell number recorded (Figure 4.37). In fact, Han et al. (Han, 2009) found that at a pH around 6.8, MG63 cell viability dropped at around 40 %. El Ghannam et al. found that acidic pH reverts in a decrease of both cell proliferation and matrix formation in rat calvaria osteoblasts (El Ghannam, 1997). However, Live/dead staining (Figure 4.39 and Figure 4.40) and cell morphology studies by SEM (Figure 4.41) showed that MG63 were spread on the cement.  Regarding the samples with TMC in the matrix, even though LDH assays showed lower proliferation on TMC than on C40, live/dead staining showed a similar number of cells on both materials (Figure 4.39 and Figure 4.40) while the SEM sample, after 7 days, displayed a higher number of cells than C40 (Figure 4.41). On the other hand in this case differentiation was low. 
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 The presence of the fibres is possibly having an effect as well. Proliferation in the samples with fibres (C40-f2s and LA-f2s) was slightly lower. However, the results of C40-f2s with MG63 were a bit contradictory: scanning electron micrographs at 7 days seemed to reveal that the amount of cells was much greater than the control cement C, while LDH expression studies proved the opposite. The reason for this contradiction could be the fact that the cells were not uniformly distributed on the material (Figure 4.41), which could be misleading. Although the ALP production is low in this kind of cells, the presence of PLLA fibres seemed to improve ALP production of MG63 cells (Figure 4.42). The mechanisms involved should be further investigated, possibly the studies should be done in a longer time frame (i.e. 21 or 28 days) and, at shorter time, studying differentiation through gene expression which might (compared to protein production) show earlier the activation due to the substrate. However, taking into account what previously said, one hypothesis of this enhancement could be that the presence of PLLA fibres slightly changed the microstructure and/or the surface topography. In fact, the fibres could have been acting as additional nucleation points in the process of dissolution/precipitation and this could revert into a slight change of the microstructure which has been shown to be very relevant for cell behaviour (Engel, 2008), as well as the fact that the surface, when fibres were embedded in the matrix, was visibly not completely flat.   
4.5.5 Conclusions 
The use of osteoblastic-like MG63 cells highlighted different behaviours by the different materials tested. On one hand this study showed a marked effect of apatitic cements compared to TCPS and that proliferation could be affected by the additives in the FRCPCs, especially by the addition of LA which resulted to be harmful towards MG63 cells due to the slightly acidic pH reached. On the other hand it was found that PLLA fibres might have an effect on ALP expression of human osteoblastic type MG63. If this was confirmed, it would mean that FRCPCs could not only improve mechanical properties but they might enhance differentiation at early stages. In the future, polymerase chain reaction (PCR) 163  
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Macroporous calcium phosphate scaffolds for the 
delivery of simvastatin acid In this chapter, calcium phosphate (CaP) foams with different compositions and microstructure are developed and characterised. CDHA foams (hereinafter CPF) are obtained through cementitious reaction after a foaming process and, part of them, 
are sintered in order to obtain β-TCP foams (hereinafter β-CPF). Both types of scaffolds are then used to study the incorporation of simvastatin acid (SVA), an angiogenic promoter. Plasma polymerisation on the drug loaded scaffold is used as a strategy to delay the drug release. Finally, drug release is studied.  
5.1 Introduction 
5.1.1 Calcium phosphate for drug delivery During the past years calcium phosphates have been studied as carriers to deliver molecules in situ (Ginebra, 2012; Bose & Tarafder, 2012) and seem to be the most suitable option when skeletal tissue is the target. There are several parameters affecting the release, the most relevant being: i) the microstructure and ii) the interaction of the drug with the carrier material. Macroporosity is one of the key requirements for the materials designed to act as substrates for tissue engineering and regenerative medicine. In fact, macroporosity has the role to guide and support tissue ingrowth within the material so that cell and vessel colonisation events can take place during the progressive bioresorption of the 
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scaffold (Ginebra, 2010). There are several methods to fabricate macroporous scaffolds (Ginebra, 2010); one of the most interesting due to the easy process and the interconnected macroporosity obtained was developed by Montufar et al. and consists in using surface active foaming agents in the liquid phase, where the foam obtained was successfully mixed with the cement powder and CDHA foams were obtained after setting (Montufar, 2010). Due to the low mechanical properties of CDHA foams, the same scaffolds can be sintered in order to obtain β-TCP which are stronger, and have the same macrostructure with different microstructure and chemical composition (Montufar, 2008).  In regards to the loading of the drug on the set or sintered foams, two potential ways can be considered: i) loading by droplet addition and ii) loading by immersion in a drug solution. In this thesis, loading by immersion has been chosen for two reasons: i) to obtain a more homogeneous distribution of the drug and ii) in order to be able to study the difference in drug loading between scaffolds obtained by low-temperature (cementitious reaction) and high-temperature (sintering) processes.  Several features of CPCs as the nano/micrometric pore size (Espanol, 2009), the interconnected macroporosity, the dimension of the pores and the specific surface area (SSA) are relevant both in drug loading and in the control of drug release 
(Ginebra, 2008). By sintering the scaffolds, some properties such as i.e. nano/micrometric pore size and specific surface area are modified, so these modifications are studied in this chapter in regard to the loading and the release of the drug.  
5.1.2 Potential of plasma polymerisation on controlled drug 
release from calcium phosphates As previously mentioned CaPs have been shown to be excellent candidates as drug carriers. The release of the drug is generally controlled by the microstructure of the scaffold and the interactions of the scaffold with the drug (Ginebra, 2012).  An additional way to tune the release kinetics can be found in low temperature plasma technologies. Plasma has already, been defined in section 4.1.5 but for the 
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sake of clarity the three main effects of plasmas on the surface of a material are following reported: i) functionalisation or grafting; ii) etching (removal of surface material); and iii) thin film deposition (deposition of thin layers).  The film deposition of polymer layers is investigated in this chapter. Coating by plasma polymerisation refers to the deposition of polymer films due to the excitation of an organic monomer in the gas state and subsequent deposition and polymerisation of the excited species on the surface of a substrate. The latter is exposed to the plasma which gives rise to the creation of free radicals and therefore leading to a good adhesion of the plasma coating on the surface. Polymers formed by plasma polymerisation are, in most cases, highly branched and highly cross-linked. The deposition of solid polymer coatings under plasma conditions has been well studied since the 1960s, with a very wide range of materials now accessible 
(Yasuda, 1985).   Application of different kinds of coatings for drug delivery has been used both with ceramics and polymers. In either case, the stability of the coating is of paramount importance. The coating can be used either to regulate the incorporation of the active principle, or to act as a shield to delay its release. Stability of a polymeric coating (as in this case) is controlled by the physico-chemical properties of the polymer such as composition, crosslinking and coating thickness. All these variables can be tuned through the initial composition of the gas and plasma parameters such power and time of the treatment.  Low pressure plasma polymerisation (hereinafter plasma polymerisation) has been used in two ways: i) in soft conditions (Pulsed Wave (PW) polymerisation) in order to retain the functionalities of the precursor or ii) in a Continuous Wave (CW mode) to deposit crosslinked thicker layers (Bhatt, 2012a). Bhatt et al. used PW plasma polymerisation for biomedical application. They developed multilayer biodegradable PCL-co-PEG (poly (ε-caprolactone)-poly (ethylene glycol) copolymer) coatings on model glass surfaces, for the controlled delivery of Cisplatin, an anticancer drug, which was embedded between two of the polymeric layers of the coating (Bhatt, 2013). It was shown that by gradually increasing the layer thickness with plasma polymerisation deposition time, the amount of drug released 
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diminished. To the best of our knowledge, in the field of CaP materials for drug delivery applications, plasma polymerisation has not been investigated yet.  
5.1.3 Statins in bone regeneration Statins are drugs commercially used in cholesterol-lowering activity. However, in addition to the cholesterol-lowering effect, statins have a series of pleiotropic effects, including bone anabolic, vasodilative, antithrombotic, antioxidant, anti-inflammatory, and immunosuppressive actions (Mundy, 2001).  Since Mundy et al. 
(Mundy, 1999) first described the bone anabolic properties of statins almost 15 years ago, the research for using them in applications for bone catabolic diseases, such as osteoporosis, has been pursued. In vitro investigations have explored the mechanisms of statin effects on the mevalonate pathway, as well as osteoblast and osteoclast function. In vivo animal studies confirmed that ovariectomy- and inflammation-induced bone loss could be reduced by systemic statins. Additionally, human clinical studies showed promise that systemic statins could reduce osteoporotic fracture risk and increase bone mineral density (Zhang, 2014).  As reported in Figure 5.1, the action of statins is from different frontlines (Zhang, 
2014): first of all statins inhibit the rate-limiting enzyme 3-hydroxy-3-methylglutarylcoenzyme A (HMG-CoA) reductase in the cholesterol metabolism pathway which leads to a chain reaction that has as ultimate effect the increase of both BMP-2 and VEGF and, thus, osteoblastic differentiation. In the late 2000 some groups showed that statins could promote osteoblast viability through decreasing apoptosis (Kaji, 2008), and differentiation via BMP-2 mediated pathways (Chen, 
2010). Furthermore, the enhancement of osteoblast mitochondrial function attributed to simvastatin (Chuang, 2013) has been applied to implant surfaces to promote osteoblast differentiation ex vivo (Yang, 2011) and in vivo (Walter, 2013). Moreover, it seems that osteoclast differentiation is reduced by statins action in a dose-dependent manner (Kaji, 2005). 
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Figure 5.1 - Statins impact on multiple pathways which results in enhanced bone formation. 
Abbreviations: BMP, bone morphogenetic protein; ERα, estrogen receptor-alpha; FPP, farnesyl 
pyrophosphate; GGPP, geranylgeranyl pyrophosphate; GGPPs, GGPP synthase; HMG-CoA, 3-hydroxy-3- 
methylglutaryl-coenzyme A; mPEG, methoxy polyethylene glycol; OBs, osteoblasts; OCs, osteoclasts; OPG, 
osteoprotegerin; PI3-K, phosphatidylinositol 3 kinase; RANKL, receptor activator of nuclear factor 
kappa-B ligand; RCT, randomised controlled trials; Smad3, small mothers against decapentaplegic 
homolog 3; TGF-β, transforming growth factor-beta; VEGF, vascular endothelial growth factor. (Zhang, 
2014). 
 Several reports have indicated a therapeutic benefit of statins for neovascularisation and bone formation; however systemic administration of statins is compromised by metabolism in the liver (only 7% reaches the general circulation intact (Mauro, 
1993)) and clearance in the digestive system (Tiwari, 2011), whereas high-dose treatment can introduce adverse side effects (Golomb, 2008).  Therefore, to avoid low efficiency and side effects, local drug delivery of simvastatin to promote fracture healing, as proposed in this PhD thesis, may be particularly advantageous. In the last years several studies have been performed using local delivery of these molecules with aim of triggering of vascularisation and osteogenesis.  Zhang et al. found that the combined use of simvastatin with bone marrow derived mesenchymal stem cells enhanced angiogenesis, resulting in higher capillary densities compared to cell or drug therapy alone in a murine model of hind limb ischemia (Zhang, 2012).  Wadagaki et al. tested simvastatin in combination with biodegradable polymers, generating simvastatin-releasing nano and microscale fibre scaffolds that promoted 
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osteoblastic differentiation and bone formation in ectopically implanted murine bone marrow stromal cells (Wadagaki, 2011). Similarly, low-dose simvastatin coating of osteosynthetic stabilisation wires in a closed tibia fracture model in rats was shown to have improved fracture healing as well as biomechanical, radiographic, and histomorphometric properties comparable to high-dose BMP-2 coated stabilisation wires (Pauly, 2009). Furthermore, the local administration of low-dose simvastatin with gelatine hydrogel successfully induced fracture union in a rat unhealing fracture model due to its effect on both angiogenesis- and osteogenesis-related growth factor expressions (Fukui, 2012). Similar studies on rabbits were performed by Wong and Rabie in 2005 (Wong & Rabie, 2005), where simvastatin collagen grafts were implanted in parietal bone defects and showed 380% more new bone compared to the control. The quantity loaded was 0.5 mg/sponge. Nyan et. al (Nyan, 2007) found that in critical-size defects in rats, the combination of 1 mg Simvastatin with calcium silicate gave the best result at 8 weeks compared with other doses, after 5 weeks of significant soft tissue inflammation. The same group (Nyan, 2009) evaluated different amounts of simvastatin (0.01, 0.1, 0.25 and 
0.5 mg) combined with α-TCP particles and found that the best amount in rat 5 mm-diametral-calvarial defects the optimum was given by 0.1 mg since it was effective but with limited inflammation. In another study, the same group explored the 
mechanisms related with bone regeneration: rat calvarial defects grafted with α-tricalcium phosphate and simvastatin showed that both new bone formation and BMP-2 expression were significantly increased in the simvastatin group, along with an increased up-regulation of TGF-β (Nyan, 2010). Different calcium phosphate 
materials were also evaluated (α-TCP, β-TCP and HA) and found that there was an increased bone formation and the highest amount of new bone was found for both 
α-TCP combined with simvastatin, even if not significantly different, higher than the 
one observed for β-TCP combined with simvastatin (Rojbani, 2010). In all studies involving calcium phosphates, loading was performed through a droplet of simvastatin dissolved in ethanol and allowed to evaporate. Since simvastatin is highly lipophilic, there have been studies where the molecule was hydrolised to β-hydroxy acid (Simvastatin acid, SVA), the active form of this drug 
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(Montazerolghaem, 2014). This molecule is more water soluble than its precursor and can be dissolved more easily. Montazerolghaem et al. introduced SVA (0, 0.25, 0.5 and 1 mgsva/gcement) in pre-mixed brushitic cements and evaluated SVA release and the in vitro behaviour of osteosarcoma-derived SaOS-2 cells in contact with the cement extract. They found the highest mineralisation for extracts of cement containing 0.25 or 0.5 mgsva/gcement. This is an indication of the importance of the right dosage in order to obtain the desired response from the body.   
5.2 Objectives  The aim of this research is to design calcium phosphate foams (macroporous scaffolds) with similar macrostructure but different compositions and microstructures, obtained by low temperature processes or by sintering. The physico-chemical features of the scaffolds are characterised with special attention on the effects on simvastatin acid loading and release. Furthermore, the effects of plasma polymerisation coatings on the drug-loaded scaffolds are evaluated as a possible way to control the release of the drug.  
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5.3 Experimental design In order to help the reader to understand the sequence of this chapter, Figure 5.2 shows the structure of this chapter. Firstly, the low temperature scaffolds are obtained through cementitious reaction (CDHA foams, herein CPF), part of which is sintered in order to obtain β-TCP foams (β-CPF). Both materials are characterised and loaded with SVA. Furthermore, part of the drug-loaded foams are coated through plasma polymerisation (CPF-p and β-CPF-p). Finally yet importantly, drug release is evaluated. 
 
Figure 5.2- Scheme of the chapter.  
5.4 Materials and Methods 
5.4.1 Calcium phosphate solid and liquid phases 
α-TCP was used as starting material for the preparation of the cement’s solid phase mixed with 2 wt% precipitated hydroxyapatite (pHA, Alco) as previously described in section 4.3.1.a). Pluronic F-127 (PLU, Sigma-Aldrich) was milled 15 minutes at 150 rpm using 10 balls (d = 30mm). The final solid phase of CaP foams was 
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composed by 90 wt% α-TCP with pHA and 10 wt% PLU and the liquid phase used was 1wt% of Polysorbate 80 (Tween 80, Sigma-Aldrich) in distilled water. The solution was prepared fresh on daily base. A control foam without PLU was produced mixing 98 wt% α-TCP with 2% pHA with the Tween 80 solution.  
5.4.2 Co-polymer precursors 
ε-caprolactone (ε-CL, Purity: 97%, MW: 114 mol/g, Empirical formula: C6H10O2), and DEGME (Purity: 99.5%, MW: 134.17 mol/g, linear formula: (CH3OCH2CH2)2O) were purchased from Sigma Aldrich, France and used in this study without further purification.    
5.4.3 Calcium phosphate foams and cements preparation Solid and liquid phase were mixed at L/P = 0.65 ml/g and cement foams were obtained using a direct foaming method (Pastorino, 2014a). The material was shaped in different moulds depending on the final use, two types of cylindrical specimens were produced: i) 12 mm height x 6 mm diameter for mechanical testing and ii) 6 mm height x 6 mm diameter (which became 4 mm height x 6 mm diameter after an accurate removal of the top and bottom by means of a needle, in order to ensure an open porosity of the scaffold) for in vitro testing, SSA measurement, drug release studies.  
Scaffolds were allowed to set for 24h in 100% RH at 37˚C, followed by 9 days in 
water at 37˚C to obtain CDHA calcium phosphate foams.  Unfoamed specimens were prepared at L/P = 0.35 ml/g in order to have a model CaP surfaces to study the effects of plasma polymerisation. The powder phase 
composed by α-TCP with 2% pHA was mixed with the liquid phase in a mortar for about 1 min and then transferred into disc moulds of 15 mm diameter x 2 mm height. Samples were allowed to set in 100% RH for 1h and then Ringer’s solution for 7 days at 37 °C to obtain Calcium-Deficient Hydroxyapatite (CDHA) discs.  
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To obtain β-Tricalcium Phosphate (β-TCP) ceramic discs and foams, the CDHA samples were sintered in an oven (Hobersal), in air, by heating for 2.5 h up to 400°C, and then for 2.20 h up to 1100°C where samples were maintained for 9h. The material was allowed to cool down in the furnace till room temperature.    
5.4.4 Simvastatin acid preparation The simvastatin molecule is very hydrophobic and thus insoluble; to make it more water-soluble and enable the release kinetics to be less affected by solubility issues, 
it was hydrolysed to β-hydroxy acid (SVA, Simvastatin acid). Hydrolysis was obtained following the same procedure as Kaesemeyer et al. (Kaesemeyer, 1999), by dissolving 42 mg of simvastatin (Sigma-Aldrich, S6196) in 1 mL 95% ethanol, adding 1.5 mL of NaOH 0.1 M and heating for 2 h at 50°C (Figure 5.3). The solution was then neutralised to pH 7.4 by adding a HCl solution 0.1 M. Finally, the solution was freeze-dried to obtain SVA powder in the freeze-drier (Cryodos, Telestar) and stored at -20°C in the freezer and protected from light until use. 
 
Figure 5.3-Reaction from simvastatin (SIM) to  β-hydroxy acid (SVA)                            
5.4.5 Plasma polymerisation of PCL-co-PEG coatings 5.1 
Plasma polymerisation coatings of PCL-co-PEG were produced in a low pressure inductively excited radio frequency-tubular quartz plasma reactor system (5 cm 
5.1 This work was performed at the “Laboratoire de genie des procedes plasma et traitement de surface” (LGPPTS), at the “Université Pierre et Marie Curie”, ENSCP, Paris, France during a short term scientific mission (STSM) within the COST ACTION MP1101-(Bioplasma) “Biomedical Applications of Atmospheric Pressure Plasma Technology”, funded by the European Union. The work has been supervised by Prof. Farzaneh-Arefi Khonsari and performed with the help of Dr. Sudhir Bhatt.  
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diameter, 40 cm length, base pressure of 3 x 10-2 mbar). The plasma deposition set-up, its schematics and technical details of the process are summarised in Figure 5.4. 
 a) b) 
Figure 5.4- a) Plasma polimerisation set-up and b) schematic view of the experimental setup consisting 
of a low pressure Inductive Coupled Plasma glass reactor used to synthesise PCL-PEG copolymers from 
precursor vapours. Precursors are activated in the plasma volume and a thin copolymer film is obtained 
downstream on the substrate. A hypothesised simple mechanism for the formation of PCL-PEG 
copolymer is also shown and a snapshot of plasma polymerisation process (figure b) is modified from 
Bhatt, 2012b). The partial pressure ratio of the two monomers fed in the reactor was controlled by the flow rate of carrier gas (i.e. Ar), which was regulated and measured by electronic mass flow controllers (MKS instruments). The partial pressure of ε-CL and DEGME exhibited linear correlations with the flow rate of argon gas and were comparable with each other. Plasma co-polymerisation of organic monomers was carried out on CDHA and β-TCP discs as well as on macroporous CDHA and β-TCP foamed scaffolds, on both sides. For the current study, the total flow rate was varied from 20 to 25 sccm5.2 by keeping the operating pressure constant.  In the present work, the treatment used to coat the cements was previously optimised by the hosting group (Bhatt, 2012b). Specifically a PCL-co-PEG copolymer at a ratio 4:1 was used. The copolymerisation was a two-step process. Firstly a layer of PEG was deposited at 1 W Pulse Wave (PW) for 5 minutes in order to obtain a hydrophilic layer where the copolymer could adhere. Subsequently, a 
5.2 sccm is an abbreviation of standard cubic centimetres per minute indicating cc/min at a standard temperature (T = 0°C) and pressure (P = 1 atm). It is a common flow measurement term. 
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20W Continuous Wave (CW) plasma polymerisation was performed for 90 min in order to deposit a thicker layer of copolymer (PCL-co-PEG at a ratio 4:1). CW plasma polymerisation produces high energy ions which permit to obtain more crosslinked copolymers compared to PW plasma polymerisation. For the PW plasma discharge, the peak power (Ppk) of the wave was 25 W and the duty cycle5.3 (DC) was 4 %; which allowed to obtain the effective plasma power (Peff) of 1W PW. During the plasma “ON” time, bond dissociation of the molecules occurs as well as the formation of active species and ions. In PW plasma polymerisation during the plasma “OFF” time, the copolymer chain grows. After polymer deposition, the reactor was again evacuated to base pressure before the plasma polymerisation system was vented to atmospheric pressure with air  
5.4.6 Calcium phosphate foam characterisation Phase composition of the foams was assessed by X-ray diffraction as described in section 4.3.1.c). The compressive strength was evaluated in cylindrical specimens (CPF: 12 mm height x 6 mm diameter; β-CPF: 10.5 mm height x 5.1 mm diameter) at a cross-head speed of 1 mm/min using an Electromechanical Testing Adamel Lhomargy (model DY 32/34) with a load cell of 100 N. At least ten CPF or β-CPF replicates were prepared. The material was tested wet and the top and bottom surfaces of the specimens were previously flattened through manual polishing5.4 in order to obtain parallel surfaces and ensure a full contact of the specimen surface with the piston surface.  To ascertain the surface macro- and micro- structure of CPFs and β-CPF, the materials were investigated by Field Emission Scanning Electron Microscopy (FIB, Zeiss Neon40). Samples were prepared as described in 3.3.3.e. The porosity and pore entrance size distribution were measured by Mercury Intrusion Porosimetry as described in section 3.3.3.h. 
5.3 DC = (ton / (ton+toff), where ton and toff were the plasma is “switched ON” and plasma is “switched OFF” times respectively, so DC is the fraction of time the plasma is switched on over the total time frame. 5.4 In the case of β-TCP foams the foams were polished prior to sintering. 
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The SSA of CPF and β-CPF was measured by Nitrogen adsorption at 77 K according to the BET method as described in section 4.3.1.c. 
5.4.7 Drug incorporation Calcium Phosphate Foams were loaded with SVA by immersion of 10 CaP cylinders in 4 ml of nominal concentration 200 μg/ml of SVA solution at ambient temperature, with orbital shaking and protected from light. CPFs were loaded by immersion for 2h, while β-CPF loading was optimised (at 2h, 4h or 24h). Foams were subsequently freeze-dried. The quantity of SVA loaded was calculated by difference in concentration of the solution before and after loading, following the equation:  
𝑄𝑆𝑉𝐴 = 𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 + 𝑄𝑡𝑟𝑎𝑝𝑝𝑒𝑑 = �𝐶𝑓 − 𝐶𝑖� ∗ 𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 + 𝐶𝑓 ∗ (𝑉𝑡𝑟𝑎𝑝𝑝𝑒𝑑)              (6.1) Where: 
𝑄𝑆𝑉𝐴: SVA quantity loaded; 
𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑: SVA quantity loaded by absorption; 
𝑄𝑡𝑟𝑎𝑝𝑝𝑒𝑑: SVA quantity trapped in the scaffold with the liquid; 
𝐶𝑖: Initial concentration; 
𝐶𝑓: Final concentration; 
𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛: Volume of the solution (4 ml) 
𝑉𝑡𝑟𝑎𝑝𝑝𝑒𝑑: Volume trapped in the scaffold, calculated as �𝑀𝑓 −𝑀𝑖� ∗ 𝛿𝑠𝑜𝑙 , with 
𝑀𝑓: final wet mass, 𝑀𝑖: initial mass, 𝛿𝑠𝑜𝑙 ≅ 1 (aqueous solution). The drug concentration was evaluated by UV-VIS spectroscopy (UV-visible-NIR Spectrometer (Shimadzu 3600)) at λmax = 238 nm. A blank was subtracted to the values recorded.   
5.4.8 Characterisation of Plasma Polymerised Coatings The chemical properties of plasma copolymerised coatings were analysed by recording FT-IR spectra of PCL-co-PEG coatings using a Nicolette 3700 191  
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Thermoscientific spectrophotometer. The FT-IR spectra were recorded with the resolution of 4 cm-1 by scratching the surface of the samples to obtain material from the surface layers, and blending with KBr to prepare a tablet. Baseline correction was performed by OMNIC software after 64 scans of each sample. The chemical composition was analysed by XPS with a SPECS (Germany) using an Al non monocromated source XR50 (200W and 14 kV) with an analyser Phoibos 150 MCD-9 with pass energy of 25 eV, high resolution steps of 0.1 eV, chamber pressure of 5.109 mbar and using a Flood gun FG15/40. Peak deconvolution was performed with CasaXPS software. The cumulative error associated to XPS measurement was around 10%. Sessile drop contact angle values were measured using a video capture apparatus (Digidrop GBX-3S system, France). For each measurement, 6 μL of deionised water droplets were dispensed onto the coated surfaces. Four measurements were carried out on each coating and resulting values were averaged.  Surface topography changes after plasma polymerisation of CDHA and β-TCP discs as well as the copolymer penetration inside CPF and β-CPF were investigated by Field-Emission Scanning Electron Microscopy. The samples were studied and prepared as described in section 3.3.3.e. To ascertain the thickness of the plasma polymer layer deposited on the CDHA and 
β-TCP surface of the CPC discs, Focus Ion Beam tomography (FIB, Zeiss Neon40) was performed on a sample coated with Au-Pd. A cross-section from the surface was cut. The thickness of the deposited layer was calculated as the average of ten measurements of the coating.   
5.4.9 Drug release experiment 
CDHA and β-TCP foams loaded with SVA both plasma treated (CPF-p and β-CPF-p) 
or native (CPF and β-CPF) were immersed in 2 ml of Dulbecco Phosphate Buffer Saline (DPBS, Sigma Aldrich) at 37°C with continuous shaking. 1 ml of sample was 
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extracted at different time points and reintroduced right after the measurement in the release vessel. The amount of drug released was obtained by measuring the release media collected at each time point by UV-VIS spectroscopy at the maximum absorption wavelength of SVA which is located at λmax = 238 nm for SVA in a M550 DoubleBeam UV-VIS spectrometer (Camspec, Leeds, UK).  
5.4.10 Statistics Statistical differences were determined using one-way ANOVA with Tukey’s post-hoc test (95%) using Minitab software (Minitab Inc, US). Statistical significance was noted when p< 0.05. 
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5.5 Results  
5.5.1 Calcium phosphate foam optimisation To develop new CaP foams by low temperature processes with adequate rheological properties and improved mechanical properties, but without losing porosity of the scaffold, Pluronic-127 (PLU, Sigma) was added to formulations 
based on α-TCP, previously described in (Montufar, 2010). After optimisation, the combination chosen in this Thesis was 10 % PLU and L/P = 0.65 ml/g.  This method is very versatile since the foamed CaP paste can be injected in moulds with different shapes and sizes. In particular, Table 5.1 shows the dimensions of the cylinders used for this study after the setting reaction (CPF) or the sintering 
protocol (β-CPF). The scaffolds shrinked between 10-15 % after sintering. 
Table 5.1- Dimensions of the cylinders for drug release. 
Material Dimensions CPF β-CPF 
 
Diameter(mm): 6.0  ±  0.1 5.2 ± 0.1 
Height(mm) 4.2  ±  0.3 3.6  ± 0.5 
Morover, the injectability of the CaP foam allowed obtaining complicated geometries, such as “Pacman-shaped” scaffolds that were used for in vivo testing (shown in Figure 5.5). The in vivo tests were foreseen in a rabbit arterial pedicle model. The shape of the scaffold was optimised to fit the anatomical site, resulting in a channelled structure designed to cradle the blood vessel.   
 
Figure 5.5 – Scaffold shapes for in vivo tests (“Pacman-shaped” scaffolds).  
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5.5.2  Phase quantification As it can be observed in Figure 5.6a, CDHA was the main phase obtained in CPFs after 10 days setting  at 37°C (92 %) but some α-TCP remained still unreacted (8 %) after the setting in water, possibly due to the presence of 10% PLU in the formulation. Figure 5.6b shows the XRD pattern of β-CPF. Although after sintering most CDHA transformed into β-TCP (94 %), there were traces of untransformed HA (6 %); in this case HA was much more crystalline (due to sintering) as denoted by the narrower peaks.  
  a) b) 
Figure 5.6- DRX pattern of a) CPFs at L/P=0.65, set in water for 10 days and b) of β-CPF, obtained after 
sintering  CPF at 1100°C for 9 hours. 
5.5.3 Compressive strength The compressive strength of CPFs was significantly higher compared to the one of the material without PLU (CPF-0% PLU). β-CPFs presented a compressive strength about 3.5 fold of the counterpart before sintering. 
 
Figure 5.7-Compressive strength of the control cement without PLU (CPF-0% PLU), with 10% PLU 
(CPF) and of β-CPF. Groups indicated with the same symbol do not have statistically significant 
differences (p > 0.05). 195  
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5.5.4 Macro- and micro- structure  
Macrostructure of CPF and β-CPF showed a quite uniform distribution of the pores (Figure 5.8a and b, respectively); the porosity was interconnected in both materials (Figure 5.8c and d); and microporosity was similar in both materials (Figure 5.8e and f). The microstructure of CPF consisted of combined crystal structures of needles and plates (Figure 5.8g), while β-CPF displayed the typical sintering necks and polyhedral crystal grains (Figure 5.8h). 
CPF β-CPF 
 a)  b) 
 c)  d) 
 e)  f) 
 g)  h) 
Figure 5.8 - Scanning electron micrographs of CPF (a, c, e, g) and β-CPF (b, d, f, h) at different 
magnification. 196  
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The specific surface area (SSA) of CPFs was 17.2 m2/g while that of β-CPF was 0.60 m2/g. The decrease of SSA was due to the sintering and it is in accordance to the microstructure showed in the scanning electron micrographs (Figure 5.8).  
5.5.5 Total porosity and pore entrance size distribution 
The total porosity and the pore entrance size distribution of CPFs and β-CPFs were measured by mercury intrusion porosimetry. The total porosity was approximately the same for both materials developed and the control without PLU: 82.2 % for CPF, 77.7 % for CPF-0% PLU and 81.5 % for β-CPF. In Figure 5.9 the pore entrance size distribution measured by MIP is shown. The maximum peak of both CPF and β-CPF is at around 80 μm as indicated in Figure 5.9 corresponding to the entrance size of the macropores, lower than that of the control which was 
around 110 μm. There is another peak at around 2 μm which corresponds to the distance between crystals/sintering-necks aggregates; this peak is visible both in 
β-CPF and CPF-0% PLU. The peak at the nanoscale was visible only in the low-temperature materials (CPF and CPF-0% PLU) and it is attributed to the distance between crystal platelets observed in these materials, which are not present in β-CPF. 
 
Figure 5.9-Pore entrance size of CPF (continuous line), β-CPF (dashed line) and of CPF-0% PLU (dot 
line).  197  
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5.5.6 Characterisation of the plasma polymer layer on flat 
models In the first place it was of interest to evaluate the possibility of producing plasma polymer layers on the CaP materials, and to characterise the plasma polymer layer (PCL-co-PEG 1:4, indicated with p in the material) deposited on the CDHA and β-TCP. To this aim CaP discs with a L/P = 0.35 ml/g (herein named CDHA and β-TCP), without additives in the solid phase and with 2.5 wt% of Na2HPO4 as liquid phase, were employed.  
a) FTIR-ATR spectroscopy FTIR measurements were performed on material obtained from the top surface of the CaPs. As shown in Figure 5.10, all materials tested displayed phosphate 
vibrations, where the wide, strong bands correspond to ν3 stretching (944–1122 cm-1) and ν4 bending (545–640 cm-1) typical of calcium phosphates or apatites 
(Radin, 1993; Mestres, 2011). On the plasma coated materials (CDHA-p and β-TCP-p) different bands indicated the presence of the coating, which were more 
evident in β-TCP-p suggesting that a thicker coating was obtained. In particular, bands were recorded at 1716 cm-1, which were attributed to the C=O stretching vibrations of the ester carbonyl group from PCL; C-H stretching bonds were centred at 2950 and 2870 cm-1. The C-H bending was observed at 1380 and 1460 cm-1. The weak absorption band at 3430 cm-1 was assigned to terminal -OH groups in the coatings which indicated the presence of polar groups incorporated into the copolymer structures (Bhatt, 2012a) (-OH groups from hydroxyapatite usually appear at higher bending energies 3567 cm-1, according to (Antonakos, 2007).  
 a)  b) 
Figure 5.10 - IR-ATR spectra of the CaP materials without and with polymer layer a) CDHA and b) β-
TCP.  
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b) X-ray Photoelectron Spectroscopy and wettability Modifications on the surface chemistry were recorded by means of static contact angle and XPS measurements (Table 5.2). While both untreated materials were very hydrophilic and, due to their inherent porosity absorbed water very fast, and did not allow contact angle measurement, after the plasma polymerisation water was no longer absorbed and the contact angle raised to hydrophobic values above 
110° in both materials, showing the highest values for β-TCP-p. 
Table 5.2- Static contact angle and X-ray photoelectron spectroscopy (atomic concentration and atomic 
ratio) of the different CaP discs either untreated of after plasma polymerisation. 
 θs (°) 
Atomic concentration % Atomic ratio 
C1s O1s Ca2p P2p O/C Ca/P 
CDHA * 10.51 57.81 19.05 12.62 5.50 1.51 
CDHA-p 115 ± 1 76.09 23.75 0.12** 0.04** 0.30 --** 
β-TCP * 14.83 53.61 19.54 11.98 3.61 1.63 
β-TCP-p 121 ± 2 76.99 23.01 -- -- 0.29 --   * Not possible to measure contact angle due to too fast water absorption.  ** Too small quantities to be taken with precaution. The surface chemistry of the untreated CaPs correlated adequately with their chemical structure. The chemical formula of β-TCP is Ca3(PO4)2, with a theoretical Ca/P ratio of 1.5 and for CDHA, the chemical formula is Ca9(HPO4)(PO4)5(OH)2. None of the materials itself contains carbon, so its presence on the surface of the samples indicates either contamination by adsorbed hydrocarbons or to surface carbonation.  The polymerisation treatment with PCL-PEG led to a decrease in the O/C ratio, showing the presence of polymer on the surface. The layer deposited in 
the case of β-TCP-p was thicker than the detection limit of the XPS (10 nm), as Ca and P species were no longer detected by the technique. In the case of CDHA-p both Ca and P were detected but in very small quantities which could be also ascribed to background noise, so they should be taken with precaution.  
Table 5.3- C1s peak deconvolution. 
 Atomic percentage 
C1s 
                       Peak     
Material 






CDHA-p 51.496 42.440 6.065 
β-TCP-p 55.695 37.907 6.398  
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Table 5.3 presents the deconvolution of C1s peaks of the polymerised materials, and the deconvoluted peaks are shown in Figure 5.11. C1s core level spectra of the plasma polymerised samples showed a profile clearly including 3 peaks corresponding to: C-C C-H 284.77 eV, which were the most abundant groups, followed by C-O at 286.40 eV (in ether groups) and C=O 288.41 eV (probably carboxylic groups). The presence of these bonds is compatible with the presence of the copolymer PCL:PEG 1:4. The contribution of the C=O peaks was up to around 6%  in both β-TCP-p and in CDHA-p.  
 
 a)  b) 
Figure 5.11 - X-ray Photoelectron Spectroscopy C1s peak deconvolution, of a) β-TCP and b) CDHA with 
PCL-co-PEG (1:4) plasma coating.   
c) Micro- and macrostructure The scanning electron micrographs obtained on the surface of the flat materials (Figure 5.12) reveal a mix of needle- and plate-like crystalline structures of CDHA and the sintering neck and grains of β-TCP (as described in 5.5.4).  After plasma polymerisation with PCL-PEG the structure of the CaPs was covered by a layer following the original patterns of the materials, on the CDHA-p worm-like structures are visible, while  on β-TCP-p the structures are more bush-like.  
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Transversal sections obtained by FIB (Figure 5.12e and f) revealed that the polymer layer was thick in both CaP materials, and confirmed the observations made by XPS regarding the plasma polymer deposited on β-TCP-p (1.53 ± 0.16 μm) being thicker than that deposited on CDHA-p (0.66 ± 0.06 μm) in the same 























 e)  f) 
Figure 5.12- Scanning electron micrographs of the different materials before (top images) and after 
plasma polymerisation with PCL-PEG (4:1). a) CDHA, b) β-TCP, c) CDHA-p, d) β-TCP-p, and FIB-SEM 
cross-section of the surface of both polymerised materials e) CDHA-p and f) β-TCP-p.    
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5.5.7 Plasma polymerisation on 3D scaffolds Once demonstrated that it was possible to produce PCL-co-PEG coatings on the 
surface of CDHA and β-TCP discs, treatment of 3D macroporous samples (Calcium 
Phosphate Foams, CPFs and β-CPFs) was evaluated. The scaffold was transversally sectioned in order to study the depth of penetration of the polymer. As shown in the transversal section of a CaP foam (Figure 5.13 left), the sample contained macropores through all the structure, and plasma polymerisation showed the same bush-like and worm-like structures on the pores located on the top surface of the samples. In addition, for β-CPF, the plasma copolymers PCL-co-PEG were capable of penetrating up to a depth of 550 μm by diffusion through the interconnected macropores of the material. This was not observed for CPF samples, where the coating was restricted to the outer surface. 
 
Figure 5.13- Scanning electron micrographs of transversal sections of CPF and β-CPF after 
polymerisation at different depths. Views of the surface of pores found on the top surface layer (top 
image), at a depth of 550 μm, and at 1500 μm (lower image).  
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5.5.8 SVA loading and release from 3D scaffolds CaP scaffolds were drug-loaded by immersion in a solution containing SVA and subsequently freeze dried. High amounts of SVA were loaded on CPF (87 %) in only 2 h. As the SVA loading of b-CPF was much lower in the same timeframe, loading was evaluated at different timepoints (between 2 and 24 h), leading to loadings between 20% and 38 % of SVA, respectively. Accordingly, the longest loading time (24h) was selected for loading of b-CPF. Table 5.4 shows the data for 
the loading of the CPF and β-CPF.  
Table 5.4- Simvastatin acid loaded on CPFs and β-CPFs. 
 * Loading by immersion of the sample for 2 h. ** Loading by immersion of the sample for 24 h. 
5.5.9 SVA release from 3D scaffolds The release profile of SVA in PBS during 48 h from the different scaffolds is represented in Figure 5.14. The low release from CPF-SVA was fast in the first hour, reaching a plateau corresponding to ∼10% of release after 2 h (Figure 5.14a). After polymerisation, significant differences were observed (Figure 5.14a) due to the polymer layer covering the drug. It is important to note that in CPF-SVA-p the release started after 2 h (delay) and then it was sustained reaching up to 15% in 48 h (Figure 5.14a). However, it has to be underlined that the amount of drug released was low in both cases and close to the lower limit of detection with this technique (which is around 2-3 μg/ml) as well as the interferences of PLU (described in annex II) which might have been relevant. 
Table 5.5- Simvastatin acid loaded and released from CPFs and β-CPFs. 
 * Loading by immersion of the sample for 2 h. ** Loading by immersion of the sample for 24 h. 
Material Q loaded (μg) % Loaded 
CPF 66 ± 3 87.2 ± 1.0* 
β-CPF 35 ± 2 38.1 ± 1.7** 
Material Q loaded/sample 
(μg) 




CPF-SVA 66 ± 3 87.2 ± 1.0* 5.4 ± 1.6 8.2 ± 2.4 
CPF-SVA-p 66 ± 3 87.2 ± 1.0* 10.0 ± 0.6 15.1 ± 0.9 
β-CPF-SVA 35 ± 2 38.1 ± 1.7** 21.1 ± 1.3 60.2 ± 3.7 
β-CPF-SVA-p 35 ± 2 38.1 ± 1.7** 0.7 ± 0.3 1.9 ± 0.9 
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In β-CPF a significantly different behaviour was observed. The quantity of drug loaded was much smaller (Table 5.5), but the amount and percentage of drug released was significantly higher, up to 60 % after 48h (Figure 5.14a). The release 
profile of SVA from β-CPFs was considerably altered after the plasma polymerisation. In fact, the untreated β-CPFs showed a progressive release, with a burst up to 45 % in the first 6 h of the experiment. On the contrary, in β-CPF-p, the PEG-PCL polymer layer deposited on the surface acted as a very effective barrier for the release of SVA, as no drug was released within the first 48 h. This might be interesting in the applications were a delayed release is needed.  
  a) b) 
Figure 5.14- Cumulative release of SVA in (%) from a) CPFs or b) β-CPFs with hypothesis on the 
possible phenomena taking place (right).  
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5.6 Discussion This work is based on the characterisation study of two different calcium phosphate (CaP) foams and their combination with simvastatin acid (SVA), in order to see the interactions of these materials with the drug and quantify loading and release with views on in vitro and in vivo studies. Drug release from CaPs greatly depends on properties such as specific surface area (Canal, 2013; 
Ginebra, 2012) or microporosity. To overcome some of the intrinsic limitations of CaPs to regulate drug release, this work has also focused on using an innovative treatment with cold plasma to create a polymer layer on the surface of drug loaded calcium phosphate scaffolds and being thus able to control drug release by a dry method.  Macroporosity is really important in bone regeneration. The lack of bone ingrowth due to absence of macroporosity led to failure of many bone substitutes (Nguyen, 
2012). The advantage of introducing macroporosity in CaPs is envisaged as a method to facilitate bone ingrowth not only from the external surface but throughout the whole bulk of the material (Montufar, 2011) and it is also relevant in views of drug delivery (Pastorino, 2014b Submitted). Furthermore, macroporosity would accelerate scaffold resorption and transformation in newly formed bone tissue (Karageorgiou, 2005). The debate about the right dimensions of macroporosity is still an open dialogue but for sure it is known to influence cell behaviour (Karageorgiou, 2005; Bohner, 2011). There is a consensus about the importance of having an open porosity in order to allow fluids and cells penetration through the whole scaffold. The materials investigated in this work had a total porosity of about 80%, in the range of that of trabecular bone (75%-90%) (Dorozhin, 2009). The porosity was interconnected through an average pore entrance around 80 μm (also confirmed by scanning electron micrographs, Figure 5.8), which is a dimension adequate for cell colonisation. Nevertheless, materials with such a high porosity have a lack of mechanical properties; in fact it is well known that mechanical properties decrease with the increase of porosity 
(Ishikawa, 1995; Takahashi, 1997; Barralet, 2002, Montufar, 2010). The addition of Pluronic-127 (PLU) in the solid phase of the CPF increased mechanical properties in compression of about 2-3 times compared to the same material 205  
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without the polymer, probably due to the decrease of the micro-/nano- porosity observed in Figure 5.9. Sintering led to a further 3.5-fold increase (2.91 ± 0.91 MPa) compared to the CDHA scaffolds which can be attributed to the loss of the nanoporosity during sintering (Figure 5.9). Thus the compressive strength was still low but closer to that of trabecular bone (2-12 MPa (Barinov, 2010)) for CPFs, and in its range in the case of β-CPFs.  As aforementioned, the addition of PLU in the solid phase increased the mechanical properties of CPFs, but it is important to underline that it did not hinder the cementitious reaction. In fact, one of the most important advantages of these materials is that they transform into CDHA, which is very close to the inorganic part of the bone (Ginebra, 2008). As shown in Figure 5.6, α-TCP hydrolysed into CDHA except for 8 % and, the thermal treatment led to calcium phosphate scaffolds made of β-TCP (Figure 5.6). The macrostructure, porosity and interconnection diameter of the scaffolds did not change significantly after thermal treatment, while the microstructure with the associated properties (SSA) did. CPFs have a plate-like mixed with a needle-like crystalline structure (Figure 5.8e and g) while β-CPF presented the typical necks and polyhedral crystal grains consequent to sintering (Figure 5.8f and h). SSA decreased (around 30-fold) from 17.2 m2/g for CPF to 0.60 m2/g for β-CPF.  The differences in microstructure and thus in SSA reverted in a different drug loading. The behaviour followed here is in accordance with the fact that CaP microstructure is really relevant for the interactions with molecules. As shown in Table 5.4, the adsorption of SVA was much higher in CPF than in β-CPFs, as drug loading was more than doubled after only 2 h of soaking in front of 24 h employed 
for loading β-TCP scaffolds. This can probably be attributed to the higher SSA of CDHA, the different microstructure of the material and the chemical interactions between the drug and the substrate. In order to delay and obtain a more controlled release, a polymer layer was deposited on the material through plasma polymerisation on the drug-loaded CaP foams. One advantage of using a dry method such as plasma for controlling the release lies in avoiding, for instance, any ion dissolution of the calcium phosphates and thus conserving intact their initial properties. Furthermore, if the material has 206  
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already been loaded with drugs as in this case, coating them is a complicated issue, as any contact with processing solutions would lead to dissolution/diffusion of the drugs and thus loss of the active principle from the biomaterial. Since plasma coating could have a great potential in this field, in order to investigate the feasibility of this type of coatings, flat specimens were used for the characterisation. It has been shown that plasma polymers can be deposited on the surface of CaP materials. As shown by the IR spectra (Figure 5.10), the bands corresponding to C-H, C-O and OH confirm the formation of a polymer layer on the surface of the ceramics. The thickness of this polymeric layer is variable depending on the material used, i.e. the thickness was different in β-TCP ceramics or Hydroxyapatite CPCs since they have different microstructures and specific Surface Area (SSA). This was confirmed both by XPS, in which the Ca and P species were not detectable after the polymerisation treatment, and also by FIB cross-sectioning, which allowed measuring the thickness of the layers. Thus, β-TCP showed a layer which was two times thicker than the one deposited on CDHA in the same conditions. This can be attributed to the great differences in SSA between both materials. The thickness of the layer obtained was much higher than that recorded in previous works using the same techniques (Bhatt, 2013), mainly due to the longer treatment times employed (90 minutes in this study versus 20 minutes in the study of Bhatt et al.). The coating thickness (0.66 μm and 1.5 μm on CDHA and β-TCP, respectively) led to important changes in the surface topography of the CaP materials, leading to the formation of worm-like or bush-like structures (Figure 5.12). From the biological point of view this result can be of high relevance, as it is known (Boyan, 1996; Deligianni, 2001) that the cell response to biomaterials depends, among many other factors, on the topography, and the significant changes produced by the plasma copolymers deposited on CDHA and on β-TCP will for sure have an influence on their biological behaviour, which will have to be further investigated.  In this sense, the surface chemistry was also significantly modified, as shown by XPS results (Table 5.2) and the modified wettability of the materials. The thickness of the plasma polymer coatings was confirmed by the fact that Ca2p and P2p were 207  
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no longer detected by XPS. The 0.3 O/C ratio obtained in β-TCP and CDHA is lower than that of (Bhatt, 2013), possibly related to differences in deposition conditions (mainly treatment time) and lower than the theoretical ratio of the copolymer which is around 0.42.  The PCL:PEG 1:4 plasma coatings deposited on the surface led to a significant changes in the wetting properties of the materials; both CaPs were initially hydrophilic, with fast water absorption, while after plasma polymerisation they were found to be hydrophobic, with contact angles between 115° and 121°. These high values contrast with the 8° obtained for a plasma polymer PCL-co-PEG (1:4) coating deposited at 1 W on a flat surfaces.  (Bhatt, 2012b). Although a short treatment was performed on top of the barrier layer at 1W PW, given the high specific surface area of the materials, they might not be completely covered by it. Thus, while it has been shown (Bhatt, 2013) that polymers deposited at 1W PW have C-O/C-C ratios of 2.2, in agreement to the low contact angles obtained, copolymers prepared in the same conditions as the thick layer of our work (20W CW) display C-O/C-C ratios of 0.35. Although we do not have data for contact angles deposited on flat surfaces at 20W CW, considering the C-O/C-C ratio it can be expected that contact angles for such copolymer are much higher. In future works, the parameters of the plasma polymerised coatings could be optimised in order to obtain a layer with a more hydrophilic behaviour. Once corroborated the possibility to obtain plasma polymerised coatings on 2D CaPs, the attention shifted to the macroporous 3D scaffolds (CPFs and β-CPFs). Also, in this case it was demonstrated that the plasma polymer coating can be performed successfully on the materials, and that the interconnections between the macropores of the CaP foams allowed the penetration of the plasma polymer inside the scaffold (Figure 5.13). This was particularly evident in the case of β-CPF, where the characteristic bush-like structures can be observed both on the surface, and inside pores of the scaffold up to a depth of 550 μm.  The higher SSA of CDHA was probably related to the fact that the coating layer was restricted to the top surface of the CPFs, and no penetration was observed, as possibly most available monomer was already consumed in the coating of the wide surface. 
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In the subsequent steps, the release behaviour of the different samples (native or plasma-coated) was evaluated.  Drug release patterns were significantly modified by the PCL-co-PEG plasma coating (Table 5.5) on top of the drug-loaded scaffold. On one hand, untreated β-CPF scaffolds showed an initial burst release leading to a release above 60 % in 48h. Contrarily, the β-CPF scaffolds plasma coated with the PCL-co-PEG (β-CPF-p) did not show any SVA release in the timeframe evaluated (Scheme on Figure 5.15b).  
  a) 
  b) 
Figure 5.15- Cumulative release of SVA in (%) from a) CPFs or b) β-CPFs with hypothesis on the 
possible phenomena taking place (right).  This is indicative of the lack of diffusion through the thick layer deposited on the β-TCP, so possibly it will be required that the layer would degrade, at least partly, before any drug release can be detected. This result is relevant since it allows both avoiding the burst release in β-CPF and obtaining a late release when desired, dependent on the degradation of the polymer.  On the other hand, the different features of CPF, such as the more intricate microstructure, high SSA and probably a high affinity of the drug with the 
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substrate impaired SVA release from the untreated CPF, and only ≈ 10 % was released in the same timeframe. In the case of the drug-loaded CPF which was coated with the PCL-co-PEG copolymers, the thinner layer on CPF-p (with respect to β-CPF-p) reverted in a different drug release kinetics (Figure 5.15a): i) the release was delayed of 2 h, ii) there was no burst release but a slow diffusion of SVA through the polymer layer and iii) the release rate was lower, sign of a more sustained release. It is possible that the interactions of SVA with the external surface of the scaffold (the one in contact with the media) were modified by the polymeric layer; the probable lower affinity of the drug to the polymer might have displaced the equilibrium and allowed a higher extent of drug (15 %) to be released to the media. Longer time-frame in vitro studies are needed in future to better understand the release mechanisms and the degradation rate of the plasma polymer layer.  
5.7 Conclusions In this work it has been shown that calcium phosphate scaffolds can successfully be loaded with simvastatin acid, an angiogenic promoter. Their mechanical properties are high enough to bear implantation even if the porosity is really high and well interconnected. Different microstructures with a similar macrostructure have been successfully obtained by thermal treatment. Furthermore, it has been shown that plasma polymerisation of PCL-co-PEG (1:4) is possible on calcium 
phosphate biomaterials (β-TCP and CDHA), and that the thickness and structure of the polymer layer obtained is highly dependent on the texture of the materials, in particular on its SSA.  Thicknesses of up to 1.5 μm were obtained on β-TCP, and the plasma polymers were able to penetrate the macroporous structure of 3D calcium phosphate foams, up to a certain depth. The topography and chemistry of the materials were significantly modified by the coatings which led to nanorough structures which could partly explain the low wettability measured on the materials.   The amount of drug released from CPF was really low, due to the intricate microstructure, the high SSA and possibly the drug interactions with the scaffold. 210  
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On the contrary, fast release was obtained by β-CPF. The thicker PCL-co-PEG layer 
acted as barrier on β-CPF delaying SVA release above 48 h, while on CDHA the presence of the thinner polymer layer allowed for the diffusion of the drug leading to progressive and enhanced drug release with respect to the uncoated biomaterial. Thus, the plasma coatings evaluated can be useful tools for the tuning of drug release from bone biomaterials. Longer time-frame studies should be conducted to better understand the release. However, since the debate on the proper dose is still open, to corroborate the effects of these materials, in vitro and, above all, in vivo studies should be performed.  
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5.8 Biological characterisation of the foams Preliminary results of the in vitro biological characterisation of the β-CPFs performed by some partners of the European project REBORNE are briefly introduced in this section.  β-CPFs were selected for these studies due to their higher mechanical properties and higher SVA release.  
5.8.1 Evaluation of β-CPF and human mesenchymal stem cells. The in vitro studies in this section were obtained at the Max Plank Institute of Polymer Research (MPIP) of Mainz (Germany) by Dr. Sandra Ritz. The objective of this work was the evaluation of the interaction between the novel 
scaffold, based on β-CPF developed and characterised in the previous section and human Mesenchymal Stem Cell (hMSC) seeded either statically or dynamically.  Different amounts of hMSCs ranging between 0.25 x 106 and 2 x 106 were successfully seeded on β-TCP both statically and dynamically. No difference between the two types of seeding was recorded. Furthermore, the highest efficiency of the seeding (ratio viable cells/seeded cells) was obtained for 0.25 x 106 cells per scaffold, possibly due to the fact that in the other cases the number of cells was so high that confluence was already reached in the beginning. Moreover, it is remarkable the fact that after 21 days hMSCs could be observed well spread all over the scaffolds.   
5.8.2 Rabbit Mesenchymal Stem Cell and Endothelial Cell 
Response to β-TCP Scaffolds with Simvastatin Acid  This work was performed at the University of Modena and Reggio Emilia (UNIMORE), in Modena (Italy) by the group of Prof. Massimo Dominici. In the second part of the work, the partner also collaborated with the laboratory of Prof. Giulio Alessandri (University of Milan). 
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The aim of the study was to preliminary test ex vivo the behaviour of β-CPF loaded with simvastatin acid (SVA), in views of in vivo tests in a rabbit arterial pedicle model. For testing the initial cell responses to the new β-CPF, rabbit mesenchymal stem cells (rMSCs) transfected with green fluorescent protein were used.  In the second part, the work aimed at determining whether the scaffolds with SVA, could exert an ex vivo cellular response consistent with an enhancement of angiogenic activity. The preliminary ex vivo characterisation of the scaffolds was performed to see whether the scaffolds could be combined with bioactive compounds to enhance vascular growth. It was observed prompt adhesion of rMSC onto the scaffolds, achieved within a clinically relevant time frame of one hour. The scaffolds maintained the viability of rMSCs over an extended period of ex vivo culture and after 14 days it was observed that the cells had migrated well within the cylinderical scaffold.   SVA addition did not seem to greatly influence the adhesion or migration potential of the MSC (neither positively nor negatively), but a significant endothelial cell mitogenic response was seen using conditioned medium from human MSC (hMSC) grown on β-CPF previously loaded with SVA. Although when testing the 
conditioned medium obtained from hMSC grown on SVA loaded β-CPF scaffolds, there was a marked induction of endothelial proliferation and morphological change to more fusiform cells consistent with endothelial activation, this effect was not seen in conditioned medium from hMSC grown on β-CPF scaffolds alone, or 
with medium conditioned by β-CPF loaded with SVA but without hMSC. This result 
would suggest that SVA on the β-TCP scaffold was bioactive on the hMSC, inducing them to secrete a factor into the conditioned medium that could enhance endothelial proliferation. However what this factor or factors might be was not explored. 
In vivo experiments are underway to provide further verification of these positive 
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General conclusions and future 
perspectives 
6.1. Conclusions 
Biphasic calcium phosphates cements 
1. Biphasic calcium deficient hydroxyapatite/β-Tricalcium phosphate (CDHA/ 
β-TCP) with a precise control of phase composition were obtained by 
hydrolysis of a combination of α-TCP and β-TCP. Setting times increased by 
the addition of β-TCP, which was associated to the fact that the setting of the cement was caused by the transformation of α-TCP to CDHA, whereas β-TCP remained unaltered. The smaller amount of CDHA crystals caused a less efficient interlocking, which affected the mechanical properties.   
2. The final microstructure consisted of β-TCP particles embedded in the CDHA matrix. . This complex microstructure, together with the decreasing SSA with 
increasing β-TCP content explains the fact that Ca2+ release and weight loss 
were unaffected by the increasing amounts of β-TCP in the timeframe evaluated. However, higher dissolution and Ca2+ release should not be ruled out in longer-term studies, once the more soluble phase β-TCP is exposed to the surrounding media.     221  
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Fibre-reinforced calcium phosphate cements 
1. Fibre-reinforced calcium phosphate cements (FRCPCs) with improved fibre-matrix adhesion were obtained by introducing a polymer in the liquid phase of the cement with high affinity to the fibres used as reinforcing agents. A marked effect was observed in Trimethyl chitosan (TMC)-containing CPCs reinforced with chitosan fibres, with significantly improved elastic modulus, flexural strength and work of fracture  compared to the fibre-containing cements without TMC. Contrarily, lactic acid-containing CPCs mixed with polylactic acid (PLLA) fibres did not show any enhancement of the mechanical properties when compared with the FRCPCs without lactic acid.  2. Oxygen plasma treatment of the fibres was shown to be an efficient method to increase wettability and subsequently enhancing the compatibility between fibres and matrix of FRCPCs. Specifically, surface functionalisation of PLLA yarns with oxygen-containing moieties improved the adhesion between the fibres and the hydraulic matrix, as demonstrated by the enhanced flexural properties, including elastic modulus, flexural strength and work of fracture compared to the untreated fibres.   3. MG63 cell behaviour was affected both by the additives in the matrix and the presence of the fibres. The acidic pH generated by the presence of LA in the matrix impaired and/or slowed down the MG63 cell growth. PLLA fibres improved ALP expression by MG63. 
Macroporous calcium phosphate scaffolds for the delivery of 
simvastatin acid 
1. Macroporous calcium phosphate foams with different compositions (either 
CDHA or β-TCP) and microstructures, and a similar macrostructure can be obtained by foaming of a calcium phosphate cement (CDHA), followed by a thermal treatment (β-TCP).  
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2. Simvastatin acid (SVA) loading and release from macroporous calcium phosphate scaffolds was strongly affected by the microstructure and its associated properties as SSA and microporosity. A higher amount of SVA and faster loading was found for the CDHA foams than for β-TCP foams, possibly due to the higher SSA. Fast release was obtained from both materials. The amount of drug released in 48 hours from CDHA foams was low (around 10%) due to the intricate microstructure, high SSA and possibly the drug interactions with the scaffold, whereas it was around 60 % for β-TCP foams.  3. Biocompatible polymeric coatings on the calcium phosphate scaffolds can be obtained by plasma polymerisation. Specifically, Polycaprolactone-co-Polyethylene glycol (PCL-co-PEG) coatings were successfully obtained, the thickness and structure of the polymer layer being highly dependent on the texture of the substrate. The presence of the coating was shown to modulate the drug release from these biomaterials; the thicker PCL-co-PEG layer acted 
as barrier on β-TCP foams, avoiding any SVA release in the first 48 h, while the presence of the thinner polymer layer on the CDHA foams allowed for the diffusion of the drug, leading to a delayed and slower drug release with respect to the uncoated biomaterial.  
 
6.2. Future Perspectives 
 The results obtained in this Thesis are promising in the field of bone substitute development. In order to increase their potential further studies should be performed. Long-term degradation studies of BCPCs should be performed, since higher dissolution and Ca2+ release should not be excluded once the more soluble phase is exposed to the surrounding media. This change in the ion concentration could trigger bone cell activity. Furthermore, BCPCs could also be prepared as macroporous foams in order to increase the dissolution rate and eventually allow cells and vessel penetration.  
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Regarding the work on FRCPCs further investigation should be performed as well. First of all pull-out testing should be performed since they could be useful to further evaluate the adhesion between matrix and fibres. Moreover, degradation studies should be undertaken in order to verify how long the mechanical properties improvement lasts. Regarding the work using chitosan fibres, it could be possible to graft some molecules (i.e. drugs or growth factors) on them in order to further improve the adhesion fibre matrix or to allow their release. Furthermore different longitudes of the fibres could be also tested, as well as, different fibres shapes (in order to increase the fraction during the pull-out). Concerning the materials containing PLLA fibres, probably it would worth to use PLGA fibres instead of PLLA, in order to tune the degradability and obtain a faster resorbability. Moreover, the use of plasma for improving fibre/matrix adhesion should be further investigated, i.e. using Ar or N2 at different treatment times. Furthermore the effect of the ageing of the plasma treatment on the fibres should be tested for eventual clinical purposes (shelf-life).  In regard to macroporous scaffolds for SVA release, since the amount of drug released is crucial, the efficiency of the release should be optimised. One approach could be changing the initial amount loaded, possible to obtain modifying the concentration of the initial solution. Another approach could be pursuing the controlled-release through the modulation by plasma co-polymerisation coatings. The hydrophobic properties of the co-polymer should be changed to more hydrophilic properties, possible to obtain through the modification of the copolymer composition together with the setting of the treatment (e.g. power and time). Furthermore, long term degradation studies of the polymer layer should be undertaken, as well as longer time-frame for the release studies, in order to verify 


















X-ray diffraction (Phase quantification) 
 
X-ray diffraction (XRD) is used in order to quantify either the relative amount of 
crystalline phases in mixtures, or simply the powder composition, by referencing the 
relative peak intensities. Diffraction occurs when light is scattered by a periodic 
array with long-range order, producing constructive interference at specific angles. 
Therefore, depending on the crystalline structure the constructive interference will 
be at different angles.  
The scattering of the X-rays from the atoms produces a diffraction pattern, which 
contains information about the atomic arrangement within the crystal. The intensity 
of the diffraction peaks are determined by the arrangement of atoms in the entire 
crystal. 
The position of the diffraction peaks are determined by the distance between 
parallel planes of the atoms. Bragg’s law (Equation below) allows calculating the 
angle where constructive interference from X-ray scatter by parallel planes of atoms 
takes place: 
                                                                  (A.1)       
Where: 
  is the x-ray wavelength which is often fixed with the device. 
      is the vector drawn from the origin of the unit cell to intersect the 
crystallographic plane (hkl) at a 90°angle and it is a geometric function of the 
size and shape of the unit cell. 




A scheme of the apparatus is reported in Figure 1 where the X-ray tube, the 
sample and the detector are drawn together with the different parameters. 
 
Figure 1- Scheme of the X-ray diffraction device. 
As shown in Figure 1: 
 The incident angle, ω, is defined between the x-ray source and the sample. 
 The diffraction angle, 2θ, is defined between the incident beam and the 
detector. 
 The incident angle ω is always ½ of the detector angle 2θ. 
It is known that amorphous materials do not have a periodic array with long-range 
order, so they do not produce a diffraction pattern. Thus the signal decreases from 
perfectly crystalline to amorphous materials. 
In calcium phosphates composed by more than one phase (due to incomplete 
transformation or to desired multiphasic composition), the difference in absorption 
of the x-rays by the different phases has to be taken into account. In 1974 Chung 
(Chung, 1974) developed a simple method to quantify the different phases. The 
complexity of the analysis of multiple phases in a mixture can be greatly reduced if 
all of the pure phase peak intensities are referenced to a single standard (   is the 
intensity of corundum or α-alumina). The reference intensity for a phase i is defined 
as: 




The following equation shows how to calculate the weight fraction (X) of a i-
component in a multiple-phase mixture with n elements: 








   
                                                           
In the materials analysed in this thesis n=2 or 3, depending on the case. The 
equation becomes, in the case of n=3: 











                                                      
Specifically for β-TCP: 
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Simvastatin acid stability studies and 
cements interference. 
 The stability of Simvastatin acid (SVA) in dissolution was investigated at different temperatures in order to explore the possibility to store a SVA solution (4 °C) and to take into account possible degradation of the drug at release temperature (37 °C). Studies were performed in PBS (the release media, pH=7.4) at different time-steps (up to 144 h). Furthermore possible interference of the cement at the maximum wavelength of SVA (λmax = 238 nm) was explored.  




Figure II.1- Degradation of simvastatin acid in PBS (pH =7.4) at storage temperature (4°C) or release 
temperature (37°C).  
II.2 Cement interference with SVA signal Figure II.2 shows UV-visible spectra of different materials after immersion in water for 2 h, in a range between 200 and 300 nm of a Pacman-shaped scaffold or equivalent1 immersed in 5 ml medium. The samples analysed were: a CPF without PLU (control, CPF-0% PLU), a CPF with 10% PLU (CPF-10% PLU), a β-CPF (which were CPF with 10% PLU before 
sinterisation, β-CPF-10% PLU) and a SVA solution at a concentration of 20 μg/ml.  It can be observed that at λmax = 238 nm, SVA shows the maximum absorption. At the 
same λ, both CPF-0% PLU and β-CPF-10% PLU gave no signal. Differently from the 
other cements, at this λ, CPF-10% PLU showed a hump due to the presence of PLU. This interference has to be taken into account for measuring SVA concentrations from CPFs and could be a problem when measuring low SVA concentrations in the presence of PLU. Indeed, the amplitude of the hump is supposed to be proportional to the dimension of the scaffold. 
I.1 In the case of CPF without pluronic in the matrix, it was used an equivalent mass of the material.  A.VI  
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Figure II.2- UV-Visible spectra of aqueous extracts in contact with CPF (0% and 10% PLU), β-CPF and a 
aqueous solution of SVA at a concentration of 20μg/ml.   
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